Characterization of Cold Mixed Asphalt Emulsion Treated Bases by Mamlouk, Michael S.




CHARACTERIZATION OF COLD MIXED








Digitized by the Internet Archive
in 2011 with funding from
LYRASIS members and Sloan Foundation; Indiana Department of Transportation
http://www.archive.org/details/characterizationOOmaml
Final Report
CHARACTERIZATION OF COLD MIXED ASPHALT EMULSION TREATED BASES
TO: H. L. Michael, Director
Joint Highway Research Project
FROM: L. E. Wood, Research Engineer
Joint Highway Research Project
Project: C-36-45M
File: 6-18-12
The attached Final Report entitled "Characterization of Cold Mixed Asphalt
Emulsion Treated Bases" is submitted for the JHRP Research Study of the same
title. The author is Mr. Michel Mamlouk under the direction of Professor
L. E. Wood of our staff.
The results of this study serve several purposes. It provides the highway
engineer with a better understanding of the effect of different factors such as
aggregate type and gradation, temperature, asphalt-emulsion content, curing,
initial added moisture content and water sensitivity on the tensile and













D. E. Hancher C. F. Scholer
K. R. Hoover K. C. Sinha
J. F. McLaughlin C. A. Venable
R. F. Marsh L. E. Wood
R. D. Miles E. J. Yoder
P. L. Owens S. R. Yoder
G. T. Satterly
Final Report
CHARACTERIZATION OF COLD MIXED ASPHALT EMULSION TREATED BASES
by
Michel S. Mamlouk
Joint Highway Research Project
Project No. : C-36-45M
File No.: 6-18-12
Prepared as Part of an Investigation
Conducted by
Joint Highway Research Project
Engineering Experiment Station
Purdue University
in cooperation with the






The author expresses his sincere appreciation and gratitude to Pro-
fessor Leonard E. Wood, his major professor, for the guidance, en-
couragement and contructive criticism offered in various phases of this
study and for the critical review of the manuscript.
Special thanks and gratitude are due to Professors Edward C. Ting
and Harold L. Michael for their moral support and timely advice when
needed and for their review of the manuscript. The interest and advice
of Professor Virgil L. Anderson on the statistical experimental design
and data analysis are greatfully acknowledged.
The financial support of this research from the Joint Highway
Research Project, Purdue University in cooperation with the Indiana
State Highway Commission is duly acknowledged.
Sincere thanks are extended to K. E. McConnaughay, Inc., for sup-
plying the asphalt emulsion.
Appreciation is also extended to Messrs. N. Coburn and D. Cochran
for their help in installing the resilient modulus machine; to Messrs.
D. Bragg, D. Peyton and G. Fleming for preparing the graphs; and to Mrs.
Christine Ramsey and Mrs. Mellanie Boes for typing the manuscript.
Finally, special thanks go to the author's wife and family for




LIST OF TABLES vi
LIST OF FIGURES viii
LIST OF SYMBOLS xii
ABSTRACT xiv
CHAPTER 1 - INTRODUCTION 1
CHAPTER 2 - REVIEW OF LITERATURE 5
2.1 Asphalt Emulsion Treated Bases 5
2.2 Indirect Tensile Test 7
2.3 Resilient Modulus Test 8
2. A Water Sensitivity Test 11
2.5 Hveem Test 12
CHAPTER 3 - MATERIALS AND SPECIMEN PREPARATION 14
3.1 Mineral Aggregate 14
3.2 Asphalt Emulsion 15
3.3 Compaction 17
3.4 Mix Design and Specimen Preparation 20
3.5 Inspection of the Asphalt Emulsion Mixes
before and after Compaction 24
CHAPTER 4 - INDIRECT TENSILE TEST 26
4.1 Introduction 26
4.2 Design of Experiment 27
4.2.1 Response Variables 27
4.2.2 Independent Variables (Factors) 30
4.2.3 Statistical Model 33
4.3 Equipment and Experimental Procedure 34
4.3.1 Equipment 34
4.3.2 Temperature Control 37
4.3.3 Test Procedure 39
4.4 Analysis of Results 42
4.4.1 Indirect Tensile Strength 44
4.4.2 Poisson's Ratio 45
4.4.3 Indirect Tensile Stiffness 47
4.4.4 Total Tensile Strain at Failure 49
4.4.5 Indirect Tensile Index 51
4.4.6 Unit Weight at Time of Compaction .... 53
IV
TABLE OF CONTENTS (Continued)
4.4.7 Unit Weight at Time of Testing 55
4.4.8 Moisture Retained at Time of Testing ... 59
4.4.9 Total Liquid at Time of Testing 59
4.4.10 Voids at Time of Testing 61
4.4.11 Effect of Aggregate Gradation on the
Asphalt Emulsion Mixture Properties ... 63
4.5 Water Sensitivity Test 71
4.6 Summary of Indirect Tensile Test Results .... 80
CHAPTER 5 - RESILIENT MODULUS TEST 84
5.1 Introduction 84
5.2 Design of Experiment 85
5.2.1 Response Variables 85
5.2.2 Independent Variables (Factors) 86
5.2.3 Statistical Models 89
5.3 Equipment and Experimental Procedure 91
5.3.1 Equipment 91
5.3.2 Temperature Control 94
5.3.3 Test Procedure 94
5.4 Analysis of Results 96
5„4.1 Instantaneous Resilient Modulus (M ) ... 99
5.4.2 Instantaneous Resilient Poisson's Ratio . 108
5.4.3 Unit Weight at Time of Compaction .... 112
5.4.4 Unit Weight at Time of Testing 116
5.4.5 Moisture Retained at Time of Testing . . . 120
5.4.6 Total Liquid at Time of Testing 122
5.4.7 Voids at Time of Testing 127
5.5 Water Sensitivity Test 135
5.6 Relationship between Resilient Modulus Test
Results and Indirect Tensile Test Results .... 141
5.7 Summary of Resilient Modulus Test Results .... 145
CHAPTER 6 - HVEEM TEST 149
6.1 Introduction 149
6.2 Design of Experiment 150
6.2.1 Response Variables 150
6.2.2 Independent Variables (Factors) 150
6.2.3 Statistical Model 152
6.3 Experimental Procedure .... 153
6.4 Analysis of Results 155
6.4.1 Hveem Resistance (R-value) 155
6.4.2 Modified Hveem Stability (S-value) .... 157
6.5 Summary of Hveem Test Results 162
TABLE OF CONTENTS (Continued)
CHAPTER 7 - SUMMARY AND CONCLUSIONS 163
CHAPTER 8 - RECOMMENDATIONS FOR FURTHER RESEARCH 168
BIBLIOGRAPHY 169
APPENDICES 174
APPENDIX A - Typical Calculations of Unit Weights,
Liquid Contents and Voids of the AEM
Compacted Specimens 174
APPENDIX B - Typical ANOVA Tbles 179
APPENDIX C - Summary of Indirect Tensile Test Results 183
APPENDIX D - Summary of Resilient Modulus Test Results 190




3.1 Aggregate Properties 15
4.1 Indirect Tensile Test Variables 31
4.2 Average Unit Weights of the AEM at Time
of Compaction, kg/m (pcf) 55
4.3 Percent Total Voids for Different Aggregate Types,
Aggregate Gradations and Asphalt Emulsion Contents 71
4.4 Summary of the Indirect Tensile Test
Results and Other AEM Properties 81
5.1 Resilient Modulus Test Variables 88
5.2 Average Instantaneous Resilient Poisson's Ratio
Values for Different Curings and Test Temperatures 111
5.3 Percents of Total Voids at Time of Testing for
Different Asphalt Emulsion Contents,
Aggregate Types and Aggregate Gradations 133
5.4 Average % VMA for Different Aggregate
Types and Gradations 134
5.5 Average Percents of Moisture Absorption During Vacuum
Saturation for the Different Asphalt Emulsion Mixtures . . . 139
5.6 Average Percents of Total Liquid of Vacuum Saturated
Specimens for the Different Asphalt Emulsion Mixtures . . . 140
5.7 Summary of the Resilient Modulus Test Results and
Other AEM Properties 146
6.1 Hveem Test Variables 151
Appendix B
Table Page
B.1 Analysis of Variance of the Indirect
Tensile Strength 180
B.2 Analysis of Variance of the Resilient
Modulus (Model 1) 181
VI 1
LIST OF TABLES (Continued)




C.1 Summary of Medium Graded Asphalt Emulsion Mixtures'
Testing Results Using the Indirect Tensile Test 184
C.2 Summary of Coarse Graded Asphalt Emulsion Mixtures'
Testing Results Using the Indirect Tensile Test 188
C.3 Summary of the Vacuum Saturated Specimens'
Testing Results Using the Indirect Tensile Test 189
Appendix D
Table Page
D.1 Summary of Asphalt Emulsion Mixtures' Testing
Results Using the Resilient Modulus Test 191
D.2 Summary of the Vacuum Saturated Specimens' Testing
Results Using the Resilient Modulus Test 200
Appendix E
Table Page
E.1 Summary of Asphalt Emulsion Mixtures'




3.1 Aggregate Gradation 16
3.2 Gyratory Compaction Machine 18
3.3 Typical Gyrograph Band During Compaction
of Asphalt Emulsion Mixtures 19
4.1 Stress Distribution Along the Principal
Axes for Loading Strip Width Less Than d/10 28
4.2 MTS Electro-Hydraulic Machine 35
4.3 Indirect Tensile Test Assembly 36
4.4 Diametral Extensometer 38
4.5 Load vs. Horizontal Deformation 40
4.6 Vertical Deformation vs. Horizontal Deformation 41
4.7 Influence of Aggregate Type, Curing and Test
Temperature on Indirect Tensile Strength 46
4.8 Stiffness as a Function of Percent Asphalt
Emulsion, Test Temperature and Aggregate Type 50
4.9 Effect of Curing, Asphalt Emulsion Content and Test
Temperature on Total Tensile Strain at Failure 52
4.10 Indirect Tensile Index as a Function of Percent
Asphalt Emulsion, Temperature and Aggregate Type 54
4.11 Effect of Percent Asphalt Emulsion, Aggregate
Type and Percent added Moisture on Unit
Weight at Time of Compaction 56
4.12 Effect of Asphalt Emulsion Content, Aggregate
Type and Curing on Wet Unit Weight at Time of Testing ... 58
4.13 Effect of Percent Asphalt Emulsion, Aggregate
Type and Curing on Percent Moisture Retained
at Time of Testing 60
IX
LIST OF FIGURES (Continued)
4.14 Percent Air Voids at Time of Testing as a
Function of Curing, Percent Added Moisture
and Aggregate Type 63
4.15 Effect of Aggregate Type, Aggregate Gradation
and Asphalt Emulsion Content on the Indirect
Tensile Strength (4.5%W, Oven Curing and 24°C
(75°F) Test Temperature) 66
4.16 Effect of Aggregate Type, Aggregate Gradation
and Asphalt Emulsion Content on the Indirect
Tensile Stiffness (4.5%W, Oven Curing and 24°C
(75°F) Test Temperature) 67
4.17 Effect of aggregate Type, Aggregate Gradation
and Asphalt Emulsion Content on the Wet Unit
Weight at Time of Testing (4.5%W, Oven Curing
and 24°C (75°F) Test Temperature) 69
4.18 Effect of Aggregate Type, Aggregate Gradation
and Asphalt Emulsion Content on Air Voids at
Time of Testing (4.5%W, Oven Curing and 24°C
(75°F) Test Temperature) 70
4.19 Vacuum Saturation Apparatus 73
4.20 Effect of Vacuum Saturation on the Indirect
Tensile Stiffness for Different Asphalt
Emulsion Contents and Curings (3%W and 24°C
(75°F) Test Temperature) 76
4.21 Effect of Vacuum Saturation on the Indirect
Tensile Index for Different Asphalt Emulsion
Contents and Curings (3%W and 24°C (75°F)
Test Temperature) 77
4.22 Average Moisture Absorption During Vacuum
Saturation for Different Asphalt Emulsion
Contents, Curings and Aggregate Types (3%
Initial Added Moisture) 79
5.1 Diametral Resilient Modulus Machine 92
5.2 Typical Load, Vertical Deformation and Horizontal
Deformation Versus Time in the Resilient Modulus Test . . .
5.3 Average Instantaneous Resilient Modulus Values at
Different Test Temperatures and Curing Levels 101
LIST OF FIGURES (Continued)
5.4 Effect of Aggregate Gradation and Asphalt Emulsion
Content on the Average Instantaneous Resilient Modulus . . . 103
5.5 Effect of Aggregate Type, Asphalt Emulsion Content
and Curing on the Average Instantaneous Resilient
Modulus at 10 and 24°C (50 and 75°F) Test Temperatures ... 105
5.6 Effect of Percent Added Moisture, Curing and
Asphalt Emulsion Content on the Average
Instantaneous Resilient Modulus for 3-Day
Air and Oven Curings 106
5.7 Effect of Asphalt Emulsion Content, Test
Temperature and Aggregate Gradation on the
Instantaneous Resilient Modulus (3-Day Air
and Oven Curings) 107
5.8 Average Instantaneous Resilient Modulus
vs. Average Total Liquid at Time of Testing 109
5.9 Average Instantaneous Resilient Poisson's Ratio
as a Function of Asphalt Emulsion Content,
Aggregate Type and Initial Added Moisture 113
5.10 Effect of Asphalt Emulsion Content, Aggregate
Type and Aggregate Gradation on the Average
Unit Weight After Compaction 115
5.11 Effect of Curing, Aggregate Gradation and
Aggregate Type on the Average Wet Unit
Weight at Time of Testing 117
5.12 Effect of Asphalt Emulsion Content, Aggregate Type
and Aggregate Gradation on Average Dry Unit Weight 119
5.13 Effect of Air and Oven Curings on Moisture Content
as a Percent by Weight of Dry Aggregate 123
5.14 Influence of Initial Added Moisture and Curing
on the Average Moisture Retained at Time of Testing .... 124
5.15 Average Percent Total Liquid as a Function of Curing,
Asphalt Emulsion Content and Initial Added Moisture .... 126
5.16 Influence of Asphalt Emulsion Content, Curing,
Initial Added Moisture and Aggregate Type on
Air Voids at Time of Testing 129
XI
LIST OF FIGURES (Continued)
5.17 Relationship Between Air Voids and Total Liquid at
Time of Testing for Sand and Gravel Mixtures 130
5.18 Relationship Between Air Voids and Total Liquid at
Time of Testing for Limestone Mixtures 131
5.19 Average Instantaneous Resilient Modulus for Dry
and Vacuum Saturated Specimens for Different
Asphalt Emulsion Contents and Curings (Medium
Aggregate Gradation, 3%W and 24°C (75°F)
Test Temperature) 138
5.20 Relationship Between Instantaneous Resilient Modulus
and Indirect Tensile Strength 143
5.21 Relationship Between Instantaneous Resilient
Modulus and Indirect Tensile Stiffness 144
6.1 Hveem Stabilometer and Testing Machine 154
6.2 Effect of Asphalt Emulsion Content, Aggregate
Type and Curing on the Resistance R-Value (Medium
Gradation and 3% Initial Added Moisture) 158
6.3 Effect of Asphalt Emulsion Content, Aggregate
Type and Curing on the Modified Hveem Stability
(Medium Gradation and 3% Initial Added Moisture 160
6.4 Resistance R-VAlue as a Function of the Modified Hveem
Stability (Medium Gradation and 3% Initial Added Moisture . 161
Appendix A
Figure Page
A.1 Components of the Asphalt Emulsion Mixture Specimen .... 176
XI 1
LIST OF SYMBOLS
AE - Asphalt emulsion
AEM - Asphalt emulsion mixture
%AE Residue - Percent asphalt emulsion residue content
%W - Percent initial added moisture content
o_ T
- Indirect tensile strength
E - Indirect tensile stiffness
M_ - Instantaneous resilient modulus
R
R - Hveem resistance R-value
S - Modified Hveem stability S-value
CM - Bulk specific gravity of the specimen after compaction
H - Specimen height, mm
G
,
- Dry bulk specific gravity of the specimen
d
G - Wet bulk specific gravity of the specimen
Yd
- Dry unit weight of the specimen
Y - Wet unit weight of the specimen at time of testing
%WC - Percent of moisture retained at time of testing
%TL - Percent of total liquid at time of testing
*
%MA - Percent of moisture absorption during vacuum saturation
**
%V. - Percent of air voids at time of testing
A
**
AM., - Percent of voids filled with moisture at time of testing
XI 1 1
XV - Percent of total voids at time of test ' = %V + %V
%VM
- Percent of voids in mineral aggregate at time of testing
Percent by weight of the dry aggregate.
Percent by total volume of the specimen.
XIV
ABSTRACT
A detailed Laboratory investigation was performed to characterize
the performance of cold mixed asphalt emulsion treated bases for dif-
ferent mix components and environmental conditions. One asphalt emul-
sion (ISHC Designation AE-150), two aggregate types and gradations, two
asphalt emulsion contents and three initial added moisture contents were
evaluated. Three curing conditions and different test temperatures were
used in the asphalt emulsion mixture evaluation.
Marshall size specimens were fabricated and evaluated using dif-
ferent tests. These were the indirect tensile test, resilient modulus
test, and Hveem test. The effect of water on the mixture performance
was investigated using the water sensitivity test. Correlations between
the different asphalt emulsion mixture properties were examined. Sub-
jective conclusions were established for the asphalt emulsion mixture
performance for the various conditions.
The behavior of asphalt emulsion mixtures was highly influenced by
test temperature. The effect of temperature was apparent on the tensile
and resilient characteristics of the mixture. In addition, aggregate
type, aggregate gradation, asphalt emulsion content and initial added
moisture content proved to have an effect on the mixture performance.
Curing was found to alter the asphalt emulsion mixture strength.
XV
Asphalt emulsion mixture performance was somewhat affected by vacu-
um saturation. This effect was related to the amount of moisture ab-
sorbed into the mixture during saturation.
The indirect tensile test was easier to perform than the resilient
modulus test. Also, the indirect tensile test provided consistant
results compared to the resilient modulus test. In addition, the Hveem
test was found to be suitable for the evaluation of asphalt emulsion
mixtures at room temperature. Reasonable correlations were found
between results of the indirect tensile test, resilient modulus test and
Hveem test.
The results of this study serve several purposes. It provides the
highway engineer with a better understanding of the effect of different
factors on the tensile and resilient characteristics as well as the dif-
ferent properties of the asphalt emulsion mixtures.
CHAPTER 1
INTRODUCTION
Asphalt treated bases have many advantages over the untreated
bases. As shown by many studies, asphalt helps in upgrading the low
quality aggregates in such a way that locally available or on-site ma-
terials can be utilized. Also, asphalt provides cohesion to aggregates
which has an effect on reducing the required structural section of the
base course. Segregation and blowing dust are also minimized during
construction. Moreover, asphalt treated bases can provide a temporary
surface sufficient to carry present traffic till the funds for the final
surfacing becomes available.
Asphalt emulsion mixture (AEM), on the other hand, has several po-
tential advantages over hot mix asphalt cement. Unlike asphalt cement,
emulsified asphalt when mixed with aggregate reduces or eliminates heat-
ing requirements. This has a significant effect on reducing energy
demand and air pollution. In addition, either road mix or plant mix can
be used for emulsified asphalt mix preparation. However, in spite of
these advantages, the most critical shortcoming of asphalt emulsion
treated materials is the relatively low strength at early ages and the
long curing time required to develop the strength. The reason for this
phenomenon is that the asphalt emulsion is a mixture of fine asphalt
droplets dispersed in water. The binding effect of the asphalt residue
is obtained when the water phase of the emulsion is evaporated and the
asphalt residue forms a continuous film, coating the aggregate. Until
this evaporation occurs, there will be no adhesion between the asphalt
and the aggregate surface. Therefore, the strength development of the
asphalt emulsion mixes is limited by the rate of water loss in the mix-
ture. This delay in strength development may require some compensation
by increasing the required thickness of the base course than that re-
quired for hot mixes. In addition, the possibility of erosion and drop
in mixture strength due to the presence of water in the system before
complete curing can be important (53).
There are two main types of asphalt emulsion: anionic in which the
asphalt droplets are electro-negatively charged and cationic in which
its asphalt droplets carry electro-positive charges. Some studies have
reported that the cationic emulsion type has a better coating ability
for more aggregate types than the anionic type (25,29). According to
these studies, most of the aggregate types have negative surface charges
which provide a strong electrochemical bond or ionic attraction with ca-
tionic emulsion type. However, both anionic and cationic asphalt emul-
sions have been used successfully for may years (18). Although surface
charge is important, each aggregate/emulsion mix has its own charac-
teristics that must be determined through actual testing. Therefore,
many recent research efforts do not direct any attention toward deter-
mining surface charges of the aggregates (25).
Based on the mix design methods available at the present time, the
suitability of the asphalt emulsion for a particular type of aggregate
is determined by the coating achieved after mixing and the resistance of
the compacted mixture to moisture. Studies showed that coating is af-
fected by several factors. These factors are aggregate/asphalt electro
surface charge, amount of moisture in the mix, mixing temperature and
aggregate surface texture. In addition, the use of anionic high float
asphalt emulsion in the asphalt emulsion mixes provides better coating
than regular anionic types (18). The high float emulsion contains oil
distillate which improves its coating ability. The base asphalt of the
high float emulsion type is also modified during the emulsif ication pro-
cess to be less temperature susceptible.
Asphalt emulsion treated bases have been used in both rigid and
flexible pavements. Asphalt emulsion base projects show a very good
performance throughout the United States. A case study was made to
determine the performance of CRC pavements in Indiana (23). The study
showed that the performance of asphalt treated bases beneath concrete
pavements has, in general, been successful. However, in recent years,
some distress has been noted on some of the heavy travelled roads having
cold mixed asphalt emulsion treated bases. The reason for this distress
could be the improper use of such asphalt emulsion treated bases, but
this has not been determined with certainty.
A thorough understanding of the integral behavior of cold mixed as-
phalt emulsion treated base does not exist at present. Also, the resis-
tance of the asphalt emulsion mixtures to moisture is questionable. The
purpose of this study is to characterize the cold mixed asphalt emulsion
mixtures used for black bases for the different mix components at dif-
ferent curing stages and environmental conditions. The different tests
that have been used in this study to evaluate the performance of the as-
phalt emulsion mixes are as follows:
1. Indirect tensile test
2. Resilient modulus test
3. Water sensitivity test
4. Hveem stabilometer test
The relationships between the different test results have been in-
vestigated, and overall conclusions were derived.
CHAPTER 2
REVIEW OF LITERATURE
2_. 1_ Asphalt Emulsion Treated Bases
Asphalt emulsion mixture (AEM) has been used for base courses in a
limited scale in the last few decades. The performance of the asphalt
emulsion treated bases has been successful in most cases. However, a
complete understanding of the behavior of the mixture for the different
ingredients, curing stages and environmental conditions is still needed.
The asphalt emulsion mixture can be prepared by mixing the asphalt
emulsion with damp aggregates, so there is no need for drying or heat-
ing. A certain amount of moisture is beneficial in distributing the as-
phalt films on the aggregate particles. A film of asphalt emulsion ap-
plied to a mineral aggregate will break to the original asphalt by both
evaporation of the water and the electrochemical attraction of the
charged asphalt particles to the aggregate (12). The compatibility
between asphalt emulsion and aggregate is determined by the quality of
coating and the water resistance of the compacted mixture.
At the present time, there is no mix design method for asphalt
emulsion mixes that is recognized on a nationwide basis. There are,
however, several mix design procedures currently used with varying de-
grees of success throughout the country. Among them are methods
developed by the Asphalt Institute, Chevron, U. S. Forest Service, Ar-
mak, and FHWA Region 10 (Pacific Northwest) (25). In addition to these
procedures, some researches in asphalt emulsion mixes have been per-
formed by Darter et al (18,19), Gadallah et al (27,28), Jimeniz (35),
and George (29). Most of these mix design procedures are generally
modifications of the Hveem or Marshall methods. Preparation and fabri-
cation of specimens are similar in each method with differences existing
primarily in the curing and testing schemes (25). These studies dis-
cussed the bonding mechanism between asphalt emulsion and aggregate pai
—
tides. The effect of aggregate type, asphalt emulsion type, mixing wa-
ter content, mixing time and asphalt emulsion content were also investi-
gated. Some studies recommended criteria to be used in the design of
asphalt emulsion mixes.
According to the previous investigations, it can be concluded that
the behavior of the asphalt emulsion mixture is rather complex. Terral
and Awad (56) reported that the asphalt mixture is a combination of
non-linear elastic aggregate cemented by a non-linear viscoelastic as-
phalt. Therefore, the behavior of the mixture is neither elastic nore
viscoelastic but rather non-linear combination of both. This behavior
depends upon the mixture ingredients and the environmental conditions.
In addition, the rate of curing is another factor to be considered in
the asphalt emulsion mixture which makes its behavior more complicated.
The response of the asphalt emulsion mixes is time dependent as
well as temperature dependent. Several tests are currently used to
characterize the asphalt emulsion mixtures. The choice of these tests
should take into consideration the behavior of the mixture as well as
the usefulness, simplicity and the applicability of these tests. The
tests that were considered in this study are the indirect tensile test,
the resilient modulus test and Hveem test. Furthermore, the water sen-
sitivity test was used to evaluate the resistance of the asphalt emul-
sion mixture to water.
2_.2_ Indirect Ten si le Test
The indirect tensile test was developed in 1953 by Carniero and
Barcellus in Brazil (11) and independently by Akazawa in Japan (1). In
this test, cylindrical specimens are failed by applying compressive
loads along a diametrical plane through two opposite loading heads.
This type of loading produces a relatively uniform tensile stress acting
perpendicular to the applied load plane. Using photoelastic analyses of
plastic disks a simplified mathematical treatment was given by Frocht
(26). Timoshenko and Goodier developed the theory showing the stress
distribution in a circular disk when two equal and opposite point load-
ings act along the diametrical plane (61).
According to Maupin (42) the advantages of the indirect tensile
test are:
1. It is simple.
2. Marshall specimen may be used.
3. Surface irregularities do not seriously affect the results.
4. The coefficient of variation of the test results is low.
Several investigations have been conducted on asphaltic concrete
specimens using the indirect tensile test. A long-term study was pei
—
formed by the University of Texas at Austin to evaluate the tensile pro-
perties of highway pavement materials through the use of the indirect
tensile test. Kennedy and others (30,31,37) reviewed and evaluated the
techniques and procedures for obtaining fundamental properties of as-
phaltic concrete such as modulus of elasticity (stiffness), Poisson's
8ratio, tensile strength and tensile strain. In these studies, factors
having an influences on the tensile properties of asphalt treated ma-
terials were evaluated. Additional studies conducted at the University
of Texas at Austin investigated the properties of Portland cement and
lime treated asphaltic materials.
Tensile strengths of bituminous concrete at low temperatures were
evaluated using the indirect tensile test (8). correlations between the
indirect tensile stiffness and fatigue life were developed by Maupin
(42). His study developed the concept of using the indirect tensile
test to design asphalt concrete so that the necessary flexibility re-
quired to withstand repeated strain applications would be present. In
another study by Ruth and Potts (47), laboratory specimens and cores
were tested using the indirect tensile test. Relationships between en-
ergy and vertical and horizontal deformations were developed from the
test data.
2.3 Resilient Modulus Test
When traffic moves over a pavement structure, a large number of
stress pulses are rapidly applied to the different pavement layers. The
concept of repeated load tests was developed to approximate the dynamic
loading conditions that actually occur beneath the pavement surface.
One of the common repeated load tests is the resilient modulus test.
Briefly, pulse loads are applied to asphaltic concrete specimens and the
corresponding recoverable strains are measured. The resilient modulus
CM_) is defined as the ratio of the applied stress to the recoverable
R
strain when a dynamic load is applied. It is used as one of the inputs
of the multilayer elastic and the finite element design methods of the
highway pavement (9,46). The resilient modulus for the asphalt concrete
can be determined in the laboratory by using several different modes of
repeated loads. Among these modes are the triaxial compression test,
the flexural beam test, the direct tension test and the diametral
compression test. The first three tests requires large specimens and
long and rather difficult procedures, especially the triaxial compres-
sion test. The diametral compression test is preferred over the other
tests because it is simple, rapid and required Marshall size specimens.
The diametral compression test procedure to determine the resilient
modulus of asphaltic concrete was developed by Schmidt (51). According
to this method, a pulsating load is applied across the vertical diameter
of Marshall specimens every 3 seconds with a 0.1 second duration and the
corresponding horizontal deformation is recorded. The M value was cal-
R
culated assuming Foisson's ratio of 0.35 at ambient temperatures. Com-
parisons of M values using direct tension, compression, flexural and
K
diametral methods were investigated (51).
Schmidt et al (53) determined the resilient modulus (M ) of an SS-
type asphalt emulsion mix. It was found that the M values varied
R
directly as the hardness of the asphalt used to make the emulsion.
Air-cured emulsion treated mixes attained M„ values higher than the M„
R R
values of hot mixes made with the same asphalt. However, water resis-
tance of emulsion treated mixes was lower than asphalt treated mixes un-
til the emulsion treated mixes were fully cured. Schmidt and Graf (50)
studied the effect of water on the resilient modulus of asphalt treated
mixes.
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Further work was performed to determine the effect of temperature,
freeze-thaw, and various moisture conditions on the resilient modulus of
several asphaltic mixtures. It was found that the emulsion treated mix-
tures were less temperature susceptible than hot mixed asphaltic con-
crete made with the same asphalts and aggregates (52). The performance
characteristics of cement - modified asphalt emulsion mixes were studied
using the resilient modulus test (53). The same technique was used to
characterize different asphaltic concrete mixtures and recycled asphalt
concrete (17,22,38). A tentative recommended procedure was developed
that correlates the resilient modulus of the cold mixed base (using
Schmidt procedure) with the structural coefficient of the base course as
used in the AASHTO Interim Guide for design of flexible pavements. The
amount of permanent deformation of cold asphaltic mixtures under repeat-
ed loads is believed to be highly related to the M value of the mixture
K
(17).
One of the criticisms using Schmidt's technique is the assumption
of Poisson's ratio. A 40 percent change in the computed value of M can
K
result when Poisson's ratio varies from 0.25 to 0.45. Therefore, the
experimental determination of Poisson's ratio is preferred. The studies
performed at the University of Texas at Austin determined Poisson's ra-
tio experimentally by measuring the vertical deformation of the specimen
as well as the horizontal deformation (37). In these studies, the MTS
electro-hydraulic system was used. A haversine compressive load was ap-
plied to asphaltic concrete specimens for 0.4 sec and removed for 0.6
sec at a frequency of one cycle per second. Using the same technique,
fatigue results were compared with results from other commonly used
11
tests such as the creap test. Fatigue behavior and the effect of re-
peated tensile stresses on the resilient characteristics of asphaltic
mixtures were evaluated using the repeated-load indirect tensile test
(37).
2^.4^ Water Sensitivity Test
For proper Asphalt Emulsion Mix characterization, tests should be
performed under conditions that simulate or reflect the actual condi-
tions present in the pavement structure. One of the conditions that
should be considered in the mixture characterization is the presence of
water. Because of the relatively low permeability of asphalt treated
material, the water may be trapped in the mixture producing a substan-
tial decrease in its stiffness. This can be attributed to the stripping
action and loss of adhesion between asphalt and aggregate particles.
The asphalt mixture which is least affected by the presence of water
would be best suited for pavement.
Several studies have investigated the effect of water on the dif-
ferent types of bituminous mixtures. Lottman et al (39) developed a la-
boratory test system to predict moisture damage in asphaltic concrete
pavements. Moisture damage predictions were based on the results of
tensile strength and tensile E-moduli tests performed on specimens that
have undergone freeze-soak and thermal-cycle accelerated moisture condi-
tions. Schmidt and Graf (50) determined the effect of long-term vacuum
saturation on the resilient moduli of asphaltic concrete specimens at
different temperatures. In general, a reduction in the resilient
modulus value was found due to vacuum saturation. At high asphalt con-
tent levels, however, the effect of water saturation was eliminated com-
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pletely. The decrease in the resilient modulus was proportional to the
concentration of water present in the specimens. It was found also that
the resilient moduli of moisture deteriorated specimens return to their
original values upon drying. The effect of vacuum saturation on
cement-modified asphalt emulsion mixes was studied by Schmidt et al
(53). Other methods are currently being used to test the effect of
moisture on bituminous treated materials such as swell test and other
vacuum soaking procedure (40).
In this study, a modification of the Asphalt Institute method was
used to determine the effect of water on the performance of Asphalt
Emulsion Mixes (5). It was found that this test was suitable for these
kinds of mixtures (27). According to this method, specimens are vacuum
saturated and soaked for one day before being tested. A comparison was
made between dry specimens and vacuum saturated specimens.
2.5 Hveem Test
The Hveem stability design method has been developed by the Cali-
fornia Division of Highways and standerdized by ASTM Designation D 1560
(AASHTO Designation T246) . This method is used in the design of dense
graded hot asphalt paving mixtures. It is currently used in Indiana for
both laboratory design and field control of hot mixed asphalt pavement
(33). In this method, the Hveem stability (S-value) is determined using
the Hveem stabilometer. The same equipment has been used also to detei
—
mine the Hveem resistance (R-value). This test is commonly used in the
west coast for the evaluation of stabilized base mixtures (13). The
test has been standarized by ASTM Designation D2844 (AASHTO Designation
T190). The temperature for the standard Hveem stability test is 60°C
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(140°F) / while for the Hveem resistance test is 22 + 3°C (72 + 5°F).
Some studies, however, determined both R and S values for asphalt mix-
tures at ambient temperatures. Also, both R and S values were detei
—
mined for the same specimen (35, 60).
Hveem R and S values are generally used for laboratory mix design
as well as field control. They can be used also for the characteriza-
tion of bituminous mixtures. The purpose of using the Hveem test in
this study was to characterize the Asphalt Emulsion Mixes by using both
R and S values at ambient temperatures. Correlation analyses were tried




MATERIALS AND SPECIMEN PREPARATION
3_. 1_ Mineral Aggregate
Two types of mineral aggregate were used in this study. The first
type was a mixture of sand and gravel. The second type was a crushed
limestone. The two aggregate types have been used in earlier studies
(27,49). The characteristics of these aggregates will be discussed in
the following paragraphs.
The sand and gravel mixture was obtained from the Western Material
Company, a division of Medina Aggregate Company in West Lafayette, Indi-
ana. The plant is listed as source No. 2132 by the Indiana State High-
way Commission (ISHC) . This aggregate is a terrace sand and gravel ma-
terial deposited by the early Wabash River. It consists of approximate-
ly two-thirds weathered limestone and dolomite aggregate and one-third
non-carbonate aggregate. Small amounts of granite and quartzite were
present in the sample. 56% of the gravel particles retained on No. 4
sieve had crushed faces while 28% of the crushed particles are mechani-
cally crushed.
The crushed limestone was provided by the Erie Stone Company in
Huntington, Indiana. The quarry is listed as source No. 58 by the ISHC
and source No. 35-1 by the Geologic Survey. The material is a fossili-
ferious, recrystallized limestone with some sandstone and shale inclu-
sions. Other properties of both aggregate types which were used in the
study are shown in Table 3.1.
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Table 3.1, Aggregate Properties
Sand and Gravel Limestone
Apparent Specific Gravity 2.707 2.741
Bulk Specific Gravity (SSD) 2.607 2.696
Absorption, % 1.20 1.28
The aggregate was dried and separated into the different sieve
sizes. The different aggregate sizes were batched in 1200 gram batches
according to the required gradations. Two aggregate gradations were
used in the study with a maximum size of 19mm (3/4 in.) as shown in Fig-
ure 3.1. The first was a medium gradation (MG) which followed the mid
specification of the ISHC #73B gradation band. The second was coarse
gradation (CG) which was selected at the "quarter point"; midway between
the midpoint and the lower limit of the specification band.
3_.2_ Asphalt Emulsion
ISHC designation AE-1 50 mixing grade emulsified asphalt was used in
this study. It was formulated and provided by the K.E. McConnaughay La-
boratory in Lafayette, Indiana. The properties of the asphalt emulsion
are as follows:
Saybolt Fural viscosity, sec. 50+
Residue by distillation, % 70.0
Penetration of residue after distillation,
25°C (77°F), 5 sec, 100 gm 200+
Specific gravity of residue after distillation,
25°C (77°F) 1.010
This is a high float anionic type of asphalt emulsion and is simi-
















Specimens were compacted in a fixed roller gyratory compaction
machine (Figure 3.2). The gyratory machine was used because it produced
consistant samples that resembled actual conditions in the field. In
accordance with one of the standard gyratory compaction methods, the
gyratory angle was set at 1 degree and the ram pressure was set at 1.38
MPa (200 psi).
A preliminary investigation was conducted in which the number of
revolutions was varied and the bulk specific gravity of the specimens
were determined. It was determined that 20 revolutions of the gyratory
machine would produce specimens having approximately the same bulk
specific gravity as specimens obtained by applying 50 blows of the
Marshall hammer on each side. The compacted specimens would simulate
pavement material under medium traffic compaction in the field. There-
fore, a compaction effort of 20 revolutions at 1.38 MPa (200 psi) was
used to compact all specimens tested in this study. No heating was pro-
vided by the gyratory machine during compaction. The mold and the mold
chuck were operated at a room temperature of approximately 22°C (72°F).
The Asphalt Emulsion Mixes were heated before compaction as will be dis-
cussed later in this chapter.
The gyrograph was used to indicate the stability of the mixture
during compaction. A typical gyrograph band may be seen in Figure 3.3.
It was noted that the gyrograph band showed constant gyration angle
throughout the compaction process in almost all cases. This indicates
that the asphalt emulsion mixture used in the study was quite stable.






FIGURE 3.3, TYPICAL GYR06RAPH BAND DURING
COMPACTION OF ASPHALT EMULSION
MIXTURES
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for mixtures containing 4.5% initial mixing water and 4% asphalt residue
caused some excess water together with some fines to be forced out of
the mold during compaction. This indicates that 4.5* initial mixing wa-
ter would be more than the optimum amount required for this type of mix-
ture, especially when using this method of specimen preparation pro-
cedure, and when the asphalt residue content is as high as 4%.
3.4 Mix Design and Specimen Preparation
Unlike the traditional hot mix asphaltic concrete, the performance
of asphalt emulsion treated mixtures is affected by many factors during
mixing and preparation. As a result, more effort is needed in control-
ling and handling the Asphalt Emulsion Mixes in order to obtain a good
performance. The review of the literature shows that some studies have
been performed to establish a procedure for cold mixed Asphalt emulsion
Mixtures. However, no single method has been adopted as a standard
method. The basic design procedures using dense graded aggregates con-
sist of the following steps (25):
1. Determine the suitability of the aggregate.
2. Establish a beginning emulsion content for trial mixtures.
3. Determine the amount of water necessary during mixing to produce the
desired coating and workability using a given type and grade of
emulsion.
4. Determine the optimum moisture content needed for compaction.
5. Fabricate specimens using different emulsion contents and subject
them to various curing and soaking conditions.
6. Test the specimens for stability and strength.
7. Select the specimen that best meets the design requirements and
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recommend a job mix formula.
In this study, specimens were prepared according to the method of
design developed by Gadallah (27) except for the compaction type. Both
aggregate and asphalt emulsion were checked to meet the requirements of
ISHC standard specifications. The compatibility of aggregate and as-
phalt emulsion was evaluated based on the coating test (33). A range of
acceptable amounts of mixing water was recommended taking into con-
sideration the aggregate coating, workability of the mix and the curing
rate of the specimens before and after compaction. A range of asphalt
emulsion content was used which is recommended by ISHC standard specifi-
cations.
The main pieces of equipment used in the preparation of specimens
were: ovens, a mechanical mixer, and the gyratory machine. Two forced
draft ovens were used in the mix preparation. The oven which was fre-
quently used had a capacity of 0.5 cubic meter (18 cubic foot), while
the other one had a capacity of 0.028 cubic meter (1 cubic foot). The
mixing was accomplished using a type N-50 Hobart rotary mixer with whip
attachments.
Marshall size specimens with a diameter of 102 mm (4 in.) and about
64 mm (2.5 in.) in height were prepared. Procedures for specimen
preparation were the same for all the specimens used in the different
sections of the study. The specimen preparation procedures are outlined
below:
1. Batches of 1200 gm (2.64 lb) of the dry aggregate were weighed out
according to the required gradation.
2. The minimum amount of mixing water required to darken the aggregate
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was added at room temperature T22°C (72°F)3 and mixed thoroughly
with a spoon. In this study, values of 1.5, 3 and 4.5% mixing water
by weight of dry aggregate were used.
3. The wet aggregate was left at room temperature for 10-15 minutes to
allow the mixing water to fill the surface voids of aggregate and to
obtain a uniform coating of moisture over the aggregate.
4. The amount of asphalt emulsion needed to provide the required as-
phalt residue content was added. Two levels of asphalt residue con-
tent were used which were 3.25 and 4% by weight of dry aggregate.
5. The blend was mixed using a mechanical mixer for about 1 1/2
minutes. This was followed by a 30 sec. hand mix using a spoon to
avoid any segregation between the fine and coarse aggregates during
the mechanical mixing. If segregation occurs, this hand mixing
should be done in the middle of the mechanical mixing period.
6. The mixture was cured in a forced-draft oven for one hour at 60°C
(140°F). This precompaction curing process was introduced to take
into consideration the high energy provided in the field during the
mixing operations. It was found that this curing process provided a
better coating of aggregate and an easier mixture handling than the
case of a complete cold process. In this case, a mixture tempera-
ture about 43°-49°C (110-120°F) was reached in the oven which is
considered reasonable for cold and intermediate asphalt emulsion
treated mixtures. This method of precompaction curing was selected
after comparing and evaluating different methods of mixture handling
before compaction (27).
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In general, it was found that the asphalt emulsion formed a
fairly good coating over the aggregate particles especially the
limestone. The coating and the workability of the mixture were
further improved by the one hour curing in the oven.
7. After curing the mixture for one hour in the oven, the mixture was
mixed for 30 seconds using a mechanical mixer.
8. specimens were compacted in a fixed roller gyratory compaction
machine as discussed before. Immediately after compaction, the
specimen height was determined according to ASTM D3387 method.
Specimen weights were determined while they were still in the mold
to avoid any damage. Using the determined height and weight of the
specimen, the unit weight after compaction was calculated.
9. Half an hour after compaction, the compacted specimens were extruded
from the molds and left to cure. Specimens were cured at a room
temperature of 22°C (72°F) for either one day or three days. Other
specimens were cured for three days in a forced-draft oven at 49°C
(120 F) as required by the experiment design. Oven cured specimens
were left for about 4 hours to adjust to room temperature. After
curing, the specimen's heights were determined using a caliper.
The wet unit weight of the specimen was determined according to
ASTM method No. D1188 after some modifications. In this method, the
specimen was weighed in air then coated with zinc stearate instead of
paraffine (16). After coating the specimen with zinc stearate, the
specimen was weighed in water. Zinc stearate, which is a light powder,
kept the moisture content of the specimen constant while being immersed
in water. A limited study was performed to check the effect of zinc
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stearate on the moisture content of the specimen. It was found that the
moisture content of the specimen did not increase more than 0.25% of the
dry weight of aggregate during immersion in water especiaLly when the
specimen surface was smooth.
After the wet unit weight was determined, the specimens were put in
sealed plastic bags and kept between 2-4 hours in the temperature re-
quired for the test. When the test was completed, specimens were broken
appart and dried in a forced draft oven for 24 hours at 110°C (230°F)
then weighed. The oven dried weight of the specimen, which is the
weight of the dry aggregate and the asphalt residue, was used in calcu-
lating the dry unit weight and the amount of moisture retained at time
of testing as shown in Appendix A.
3_. 5_ Inspection of the Asphalt Emulsion Mixes
before and after Compaction
During the preparation process of the Asphalt Emulsion Mix speci-
mens used in this study, some observations were made concerning the com-
pacted specimens. Among these observations; a \/ery good coating of
limestone particles with asphalt emulsion was achieved compared to grav-
el particles. Stripping was noted in some gravel particles because of
mineralogical compositions as well as their smooth surfaces and round
shapes. The difference in coating, surface roughness, and shape between
limestone and gravel particles was reflected in the results of the dif-
ferent tests. The overall result was that limestone provided a stronger
asphalt emulsion mixture then sand and gravel. It was also noted that
the precompaction curing improved the coating and removed some of the
excess water from the mixture. Some mixtures used in this study, howev-
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er, included an excessive amount of water which was forced out of the
mold during compaction as mentioned before. This occurred when the ini-
tial added moisture was A. 5% and the asphalt emulsion content was 4% by
weight of the dry aggregate.
It was noted also that limestone compacted specimens had a smooth
surface when compared to sand and gravel specimens. Therefore, lime-
stone specimens were easier to extrude from the mold than sand and grav-
el specimens. Unlike limestone specimens, sand and gravel specimens
were more fragile and occasionally some gravel particles would dislodge
from the specimen surface especially when the asphalt emulsion content
was low. In general, limestone compacted specimens were easier to han-





As the traffic Load is appLied to the highway pavement, the bottom
surface of the base course is subjected to tensile radial and tangential
stresses. It is very important to determine the tensile characteristics
of the different pavement layers in order to achieve a good performance
of the highway structure. One of the simple tests which is used fre-
quently to evaluate the tensile properties of the pavement materials is
the indirect tensile test. The test is conducted by applying a vertical
load across the vertical diameter of the cylindrical specimen till
failure and recording the vertical and horizontal deformations.
The theory of the test assumes an isotropic and homogeneous materi-
al with a linear elastic behavior. Materials such as steel or aluminum
more closely approximate these assumptions than an asphalt mixture.
However, it is thought that the random distribution of aggregate parti-
cles in asphalt mixture tends to minimize the effect of hetrogeneity
(30). Also, at a fast rate of loading a bituminous mixture shows a rea-
sonable elastic behavior. The theory also assumes plane stresses in the
specimen. This assumption is not totally met in Marshall specimens but
it gives close approximations. These discrepancies between the theory
and the test application are not considered serious, and the advantages
of the test seem to outweigh the disadvantages. Moreover, it is
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currently considered that a Linear elastic analysis provides adequate
solutions for most rational design purposes.
The stress distribution using loading strips of width less than 0.1
x the specimen diameter is shown in Figure 4.1. The compressive stress
along the vertical diameter is three times that of the tensile stress.
In order for this test to be applied to a material, it must be at least
three times stronger in compression than in tension. Since the asphalt
treated mixtures can withstand considerable more compression stress than
tensile stress, the specimen will fail in tension.
4^2_ Design of Experiment
The purpose of this study was to evaluate the effect of some fac-
tors on the response properties of Asphalt Emulsion Mixes. The Analysis
of Variance (ANOVA) statistical method was used to determine the signi-
ficance of certain factors and interactions of factors. The means of
the response variables in each factor combination (cell) were used in
observing any physical trends that might be present. Finally, subjec-
tive conclusions on the performance of the Asphalt Emulsion Mixes were
established. The response variables and the independent variables (fac-
tors) which were considered in this part of the study are presented in
Sections 4.2.1 and 4.2.2.
4.2.1 Response Variables
The response variables were measured to evaluate the performance of
the asphalt emulsion mixes for the different factors considered in the
study. Some of the response variables were measured to give indications
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29
dealt with their physical characteristics. The response variables that
were evaluated in the study were as follows:
1- Indirect tensile strength (o IT >/ as determined by obtaining the
maximum load which the specimen could resist before failure (see
Equation 4.1)
.
2. Poisson's ratio ( v ), as determined from the ratio of the recorded
vertical deformation vs. the horizontal deformation of the specimen
during the loading operation (see Equation 4.2).
3. Indirect tensile stiffness (E T ), as obtained from the continuous
recording of the load vs. the horizontal deformation of the speci-
men during the load application (see Equation 4.3).
4. Total tensile strain at failure (e T ), as determined using the total
horizontal deformation at failure. Failure is defined to occur at
the maximum load which the specimen can resist (see Equation 4.4).
5. Indirect tensile index, as represented by the slope of the line
connecting the origin point to the point corresponding to 50% of
the maximum load on the load vs. horizontal deformation curve (Fig-
ure 4.5). It is a measure of the relationship between the load in-
crements and the resulting horizontal deformation. It is believed
that this new parameter, in addition to other conventional design
parameters, would provide a good characterization and design con-
cept for the asphalt emulsion mixture.
6. The unit weight of the specimen immediately following compaction as
a measure of compactabi lity of the mixture. It was determined by
obtaining the specimen weight and height just after compaction.
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7. Wet and dry unit weights at time of testing. The wet unit weight
refers to the density of the specimen after curing including the
moisture portion. The dry unit weight was determined by excluding
the moisture portion in the specimen.
8. Moisture retained in the specimen at time of testing (after cui
—
ing), as a percent by weight of the dry aggregate.
9. Total liquid in the mixture at time of testing as a percent of the
dry weight of aggregate; which is the sum of the percent asphalt
emulsion residue and percent moisture retained after curing.
10. Voids at time of testing (after curing), which included:
a. Air voids in the compacted asphalt emulsion mixture.
b. Total voids; which are the sum of air voids and voids filled
with moisture in the compacted mixture.
c. Voids in the mineral aggregate, VMA; which are defined as the
intergranular void spaces between the aggregate particles in
the compacted asphalt emulsion mixture.
Voids were expressed as percents by the total volume of the com-
pacted specimen. They were calculated on the bases of the apparent
specific gravity of the aggregate and assumed no asphalt was ab-
sorbed into the aggregate. Typical voids calculation are shown in
Appendix A.
4.2.2 Independent Variables (Factors)
The study determined the influence of several factors on the per-
formance of the AEM. These factors are as follows (Table 4.1):
1. Aggregate type, AG; two aggregate types were used in the indirect
tensile test. The first type was a mixture of sand and gravel while
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TABLE 4.1 , INDIRECT TENSILE TEST VARIABLES
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the second type was crushed limestone.
2. Asphalt emulsion residue content, AE. Two levels of asphalt emul-
sion residue contents were used; 3.25% and 4% of the dry weight of
aggregate. These levels of asphalt residue content were chosen in
accordance with ISHC standard specifications which call for a range
of 2.5 to 4.5% by weight of the total mixture exclusive of water or
solvent (33).
3. Initial added moisture, W; two levels were used which were 3 and
4.5% by weight of the dry aggregate. These two levels of added
moistures fell within the range which provided reasonable coating of
asphalt residue on the aggregate particles.
4. Curing, C; both one-day air curing at 22°C (72°F) and three-day oven
curing at 49°C (120°F) were evaluated in the study. They represent-
ed the early curing condition (after construction) and the long-term
curing condition in the field respectively.
5. Test temperature, T, three temperature levels were used in the in-
direct tensile test. These temperature levels were 10, 24, and 38°C
(50, 75, and 100°F respectively).
One aggregate gradation was used in this phase of the study which
followed the mid specification of the ISHC #73B gradation band (MG) with
a top size of 19 mm (3/4 in.) (Figure 3.1). Three replicates for each
combination were tested. The total number of specimens tested in this




The statistical Analysis of Variance tests used in this part of the
study followed the following statistical model.
y... = u + R. + 6,-v + M. + RM.. + y,--\
+ C, + RC. + MC. + RMC... + to,..,,







y... = measured response variable (strength, stiffness ..)
u = overall mean
R. = effect of replicates
M. = A6 + AE + W + interactions
J
AG = effect of aggregate type
AE = effect of asphalt emulsion residue content
W = effect of initial added moisture content
C, = effect of curing
T = effect of test temperature
I
6,.,., Y/--N and u,..,. = restrictions on randomization (2)
£/••• „\ = experimental error
All main effects were fixed except R was random. The subscripts
assumed values:
i = 1,2,3 j =1,2 k = 1,2 i = 1,2,3
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This statistical model is a result of a split plot design (2). Ac-
cording to this model, one replicate (R) for all combinations was per-
formed first. The second replicate was performed next then the third
replicate. For every replicate, tests were performed on specimens hav-
ing a certain curing level before considering the other curing levels.
Also, for every curing level, specimens were tested at a certain tem-
perature (T) before testing other specimens at another temperature.
Tests were randomized for the different aggregate types (AG), asphalt
emulsion contents (AE) and initial added moisture contents (W) within
each combination of replicate, curing and test temperature levels.
All factors and interactions were tested versus their interactions
with the replicate (R) (see Appendix B) . This method of design allows
analysis of variance (ANOVA) tests for all factors and interactions
despite the restrictions on randomization. A level of significance of
5% was considered in the evaluations of the different factors.
In addition to the different factors mentioned above, a limited
number of specimens were fabricated using the coarse aggregate grada-
tion, CG (Figure 3.1) and tested with the indirect tensile test machine.
The effect of aggregate gradation will be discussed in Section 4.4.11.
j4.3_ Equipment and Experimental Procedure
4.3.1 Equipment
The MTS electro-hydraulic closed loop testing machine was used in
the indirect tensile test (Figure 4.2). The machine consisted mainly of
a control unit, load frame, load cell, servovalve and hydraulic power
supply. Two stainless steel loading strips 12.7 mm (1/2 in.) wide were
used to apply the load to the specimen as shown in Figure 4.3. The
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FIGURE 4.2, MTS ELECTRO - HYDRAULIC MACHINE
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FIGURE 4.3, INDIRECT TENSILE TEST ASSEMBLY
37
loading strips were curved at the interface with the specimen with a ra-
dius of 51 mm (2 in.). Two guide rods were used to prevent any eccen-
tricity in Loading. The vertical deformations of the specimen were
measured using two identical Linear Variable Differential Transformers
(LVDTs) . They were fixed in a vertical position on both sides and at
equal distances from the specimen. The output voltages of the two LVDTs
were connected in series to obtain one output representing the sum of
the two voltages. The horizontal deformations, however, were measured
using a diametrical extensometer as shown in Figure 4.4. It consisted
of two arms touching the specimen across the horizontal diameter. The
two arms were allowed to move horizontally by means of two hinged
joints. An LVDT was connected in a horizontal position between the two
arms to measure the horizontal movement of the arms. The arms were
pulled together by means of a light spring. The applied load was meas-
ured by means of the load cell which was connected to the load frame.
The output voltages of the LVDTs and the load cell were calibrated, by
means of a micrometer and a voltmeter, and connected to two X-Y record-
ers. The X-Y recorders were adjusted to plot load vs. horizontal defor-
mation and vertical deformation vs. horizontal deformation.
4.3.2 Temperature Control
The MTS machine was provided with a temperature controlled chamber,
in which the test was performed. A thermometer buried inside a dummy
specimen was used to indicate the actual temperature of the specimens.
It took between 2-4 hours to change the specimen temperature to the re-
quired test temperature. During this period specimens were put in

















specimens with zinc stearate when the unit weights were determined
helped in retaining moisture in the specimens.
4.3.3 Test Procedure
The following is a brief description of the testing procedure which
was adopted for the indirect tensile test.
1. When the specimen reached the required test temperature, it was re-
moved from the plastic bag and centered between the two loading
strips. The distance between the two loading strips was adjusted to
allow a light touch between the specimen and the loading strips be-
fore the load was applied.
2. The output voltages of the horizontal and vertical LVDTs were con-
trolled by moving the LVDT cores with respect to the LVDT coils to
make sure that they were used within the linear range.
3. The sensitivities of the X-Y recorders were adjusted according to
the expected strength of the specimen. Also, the positions of the
recording pens were changed to start the recording from the lower
left corners of the charts.
4. The load was then applied with a rate of loading of 51 mm (2 in.)
per minute till the specimen failed. During the load application,
the load versus horizontal deformation and the vertical deformation
versus horizontal deformation were recorded on the two X-Y recorder
charts (Figure 4.5 and 4.6).
5. After the test was completed specimens were broken apart and dried
in a forced draft oven for 24 hours at 110°C (230°F).
6. The oven dried weight was determined and was used to calculate the
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specimen as presented in Appendix A.
4^ Analysis of Results
The typical shape of the load vs. horizontal deformation curve is
depicted in Figure 4.5. At a certain load there is an increase in the
horizontal deformation without increase in load, which is referred to as
the first break point (31). When specimens were tested at 10°C (50°F)
the first break load was much lower than the maximum load, while at 38°
C
(100°F) the first break load was much closer to the maximum load. For
sand and gravel specimens tested at 38°C (100°F), the first break point
was not as evident as shown in Figure 4.5.
The typical curve for vertical deformation vs. horizontal deforma-
tion is presented in Figure 4.6. The relationship is fairly close to a
straight line. At a point corresponding to the first break the slope of
the line is slightly changed. However, in some cases the plot of the
vertical deformation vs. horizontal deformation was a continuous curve.
Equations that were used to determine the indirect tensile parame-
ters are shown below. These equations are valid only for the English
units and are restricted to 102 mm (4 in.) diameter specimens with a
loading strip width of 12.7 mm (1/2 in.) (37,41). If the SI units are
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0. Wft v + 0. 0673 > (4 - 4)
where
o TT
= indirect tensile strength, psi
P = maximum Load at failure, lb
max
h = specimen height, in.
v = Poisson' s ratio
DR = deformation ratio, the slope of the least square line of
best fit between vertical deformation and the correspond-
ing horizontal deformation up to the first break point
(in case of no first break point the first portion of the
curve was considered)
.
E__ = indirect tensile stiffness, psi
P
Y= the secant modulus at 50% of the first break point on the
load vs. horizontal deformation curve, lb/in.
e_ = total tensile strain at failure, in. /in. (the length over
which the strain was estimated = 0.004 in.).
X_ = total horizontal deformation at failure, in.
The following sections of this chapter will present a study of the
effect of the different factors on each one of the asphalt emulsion mix
response (measured) variables. This will be followed by a presentation
of the effect of moisture (water sensitivity test) on the performance of
the mixture. Typical values of the indirect tensile test results are
presented in Appendix C.
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4.4.1 Indirect Tensile Strength
The tensile strength is one of the parameters frequently used in
the evaluation of pavement materials. It is a measure of the resistance
the pavement layer will have for the tensile stresses. In this study,
typical values of the indirect tensile strength of the asphalt emulsion
mixes ranged between 25 kPa (3.6 psi) and 596 kPa (86.4 psi). This wide
range of indirect tensile strength occurred because of the significant
effect of test temperature, aggregate type, curing, and percent initial
added moisture.
Test temperature proved to be a major factor in determining the
tensile strength of the mixture. Increasing the test temperature sof-
tens the asphalt emulsion residue and weakens the mixture. The average
indirect tensile strength decreased from 327 to 130 and 58.9 kPa (47.4,
18.9, and 8.5 psi) when the test temperatures were 10, 24, and 38°C (50,
75, and 100°F), respectively. It means that an average reduction of 82%
in the indirect tensile strength value has occurred when the temperature
of the mixture increased from 10 to 38°C (50 to 100°F). Therefore, it
can be concluded that the mixture is quite temperature susceptible.
Unlike sand and gravel, the rough surface and angular shape of
limestone particles increased the adhesion between aggregate particles
and the asphalt emulsion and consequently increased the tensile strength
of the mixture. Therefore, the average indirect tensile strength for
all sand and gravel mixtures in this phase of the study was 134 kPa
(19.5 psi), while for limestone mixtures it was 212 kPa (30.8 psi). In
other words, sand and gravel mixtures gave an average strength value of
63% of the average strength of limestone mixtures.
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Curing increased the tensiLe strength of the mixture. The indirect
tensile strength at 3-day oven curing was always larger than the in-
direct tensile strength at one-day air curing. This is due to the fact
that curing breaks the asphalt emulsion allowing water to evaporate
leaving the asphalt residue adhering to the aggregate particles. At
1-day air curing which represented the curing condition in the field
after construction, the average indirect tensile strength was 136 kPa
(19.7 psi). However, at 3-day oven curing which was representative of
the long-term curing of the mixture, the average indirect tensile
strength was 211 kPa (30.6 psi).
Increasing the initial added moisture, to some extent, helps the
asphalt emulsion in coating the aggregate particles. However, in most
combinations higher indirect tensile strengths were obtained by adding
3% initial moisture rather than 4.5%. The optimum initial added mois-
ture which gave high strength values depended on its interaction with
other factors.
The interaction of aggregate type, curing and test temperature had
a significant affect on the indirect tensile strength as shown in Figure
4.7. The highest average value of the indirect tensile strength oc-
curred using limestone at a test temperature of 10°C (50°F) and oven
curing. The lowest average strength was obtain using sand and gravel
mixtures at a test temperature of 38°C (100°F) and one-day air curing.
4.4.2 Poisson's Ratio
Poisson's ratio in the classical sense is defined as the ratio of
the lateral strain to the axial strain, caused by an axial load. Using




































this study, Poisson's ratio was very sensitive to test temperature.
When the test temperature increased, Poisson's ratio increased. A small
number of Poisson's ratios were negative at the 10°C (50° F) test tem-
perature. However, at a test temperature of 38°C (100°F) most of
Poisson's ratio values exceeded D.5. It was obvious that the asphalt
emulsion mixtures did not totally meet the initial assumptions in the
original derivations of the equations at 38°C (100°F). In fact, at a
high test temperature, the specimen began to develop hair-line cracks
before total failure. These tension cracks, caused a significant in-
crease in volume which explains the value of Poisson's ratio being
larger than 0.5. A previous study (62) used the term strain ratio rath-
er than Poisson's ratio, which is suitable at high temperatures. There-
fore, in the calculation of the indirect tensile stiffness and strain,
it is recommended that Poisson's ratio should not be determined using
the indirect tensile test at high temperatures. In the rest of the
analysis Poisson's ratio was assumed to be 0.3, 0.35, and 0.4 at test
temperatures of 10, 24, and 38°C (50, 75, and 100° F) respectively.
In addition to test temperature, curing had an effect on the ob-
tained Poisson's ratio. At one-day air curing, specimens were not firm
enough and, consequently, Poisson's ratio was high. At 3-day oven cur-
ing, specimens had low values of Poisson's ratio. Other factors did not
significantly affect values of Poisson's ratio.
4.4.3 Indirect Tensile Stiffness
The stiffness characteristics of the asphalt treated mixtures are
very important not only to assess the behavior of the mixtures itself,
but also to evaluate the performance of the highway pavement. The in-
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direct tensiLe stiffness is analogous to the modulus of elasticity, E,
in the classical sense (36). At very short times of loading and/or low
temperatures, the behavior of the asphalt treated mixture is almost
elastic which is one of the assumptions in the indirect tensile test
theory.
At low temperatures, shrinkage cracks tend to develop in highway
asphaltic pavement. The greater the tensile stiffness of the asphaltic
mixture, the larger the thermal stresses developed in the pavement by
temperature changes. Low stiffness values for asphalt mixtures are
desired for good low temperature performance in order to eliminate or
reduce such cracks. However, at high temperatures, high stiffness
values are needed to reduce excessive deformation within the pavement or
rutting. In general, low temperature susceptible asphaltic mixtures are
needed to improve the highway pavement performance throughout the dif-
ferent seasons.
Using the indirect tensile test, the tensile stiffness values which
were determined using the obtained Poisson's ratios varied widely
between 24 MPa (3.5 ksi) and 2068 MPa (300 ksi). While the stiffness
values obtained by assuming Poisson's ratios equal 0.3, 0.35, and 0.4 at
test temperatures of 10, 24, and 38°C (50, 75, and 100° F) respectively
varied between 17 MPa (2.4 ksi) and 2482 MPa (360 ksi) for all specimens
in the study.
Stiffness values using the assumed Poisson's ratios were greatly
affected by temperature. As test temperature increased, stiffness de-
creased to a very low value. Average stiffness values of 752, 114, and
58 MPa (109.0, 16.6, and 8.4 ksi) were obtained at temperatures of 10,
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24, and 38°C (50, 75, and 100°F) respectively. Therefore, a reduction
of 85% in the average stiffness value of the AEM has occurred when the
temperature increased from 10 to 24°C (50 to 75° F), while a reduction of
92% has occurred by increasing the temperature from 10 to 38°C (50 to
100°F).
In addition to test temperature, the stiffness also was largely af-
fected by the interaction of test temperature, percent asphalt emulsion
content and aggregate type as shown in Figure 4.8. No trend can be ob-
tained for the effect of percent asphalt emulsion content or aggregate
type. At some combinations, sand and gravel mixtures had higher
stiffnesses than limestone mixtures, while at other combinations the op-
posite was true. The significant effect of aggregate type was apparent
at the 10°C (50°F) test temperature. The highest stiffness values were
obtained using limestone and 3.25% asphalt emulsion residue content at
the 10°C (50°F) test temperature.
The indirect tensile stiffness provided a good correlation with the
indirect tensile strength. The correlation coefficient between the in-
direct tensile stiffness and strength was 0.756 for the 144 specimens
tested in this part of the study.
4.4.4 Total Tensile Strain at Failure
Failure tensile strain is a very important parameter used for the
asphalt emulsion mixture characterization because it is associated with
the cracking of the highway pavement. The occurrence of cracking was
found to increase as the failure strain decreased (36). Therefore, one
of the objectives of this study was to determine the the total tensile
















tensile strain at failure varied between 5.8x10 " and 11.9x10 " mm/mm
(in. /in.). During calculation of the total tensile strain at failure,
Poisson's ratio values were assumed to be 0.3, 0.35, and 0.4 at tempera-
tures of 10, 24, and 38°C (50, 75, and 100° F) respectively.
According to the AN0VA results, the asphalt emulsion content had an
effect on the total tensile strain at failure. Asphalt emulsion can act
as a lubricant between the aggregate particles. Thus, high tensile
strains at failure were obtained using high asphalt emulsion contents.
The average tensile strain at failure was 8.0x10 mm/mm (in. /in.) for
mixtures containing 3.25% asphalt emulsion residue, while it was
9.3x10 mm/mm (in. /in.) for mixtures containing 4% asphalt emulsion
residue. In addition to the asphalt emulsion content, the tensile
strain at failure was affected by curing. Curing increased the rigidity
of the mixture because it allowed the emulsion to break. Therefore, it
decreased the value of the total tensile strain at failure. Average
tensile strains of 9.1x10 and 8.2x10 mm/mm (in. /in.) were obtained
for air cured and oven cured mixtures respectively. Meanwhile, the test
temperature affected the total tensile strain at failures. The largest
value of the tensile strain was obtained at the intermediate test tem-
perature. The effect of curing, asphalt emulsion content and test tem-
perature on the total tensile strain at failures is shown in Figure 4.9.
4.4.5 Indirect Tensile Index
The indirect tensile index (Figure 4.5) varied between 0.8 and 119
kN/mm (4.5x10 and 680x10 lb/in.). It was very sensitive to test tem-
perature. As test temperature increased, the indirect tensile index de-
creased markedly. The average indirect tensile index value was 34.1,
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8.8, and 3.9 kN/mm (195x10 , 50x10 and 22x10
3
Lb/in.) at test tempera-
tures of 10, 24, and 38°C (50, 75, and 100°F) respectively. In addition
to test temperature, aggregate type and asphalt emulsion content had an
effect on the indirect tensile index. Limestone mixtures always gave
larger indices than sand and gravel mixtures. Also, a 3.25% asphalt
emulsion residue content gave higher index values than a 4% asphalt
emulsion residue content. The interaction effect of test temperature,
aggregate type and asphalt emulsion content is presented in Figure 4.10.
The indirect tensile index values provided a good correlation with
the test temperature, and asphalt emulsion content. The indirect ten-
sile index average values took a consistant trend for the different fac-
tor combinations as shown in Figure 4.10. Also, the indirect tensile
index is independent of Poisson's ratio. This leads to the conclusion
that using the indirect tensile index in conjunction with other parame-
ters such as the indirect tensile strength could provide a good charac-
terization of the asphalt emulsion treated mixture.
4.4.6 Unit Weight at Time of Compaction
The unit weight at time of compaction, which is a measure of the
compactability of the asphalt emulsion mixture during the field con-
struction, is a useful parameter in the mixture evaluation. High unit
weights achieved during construction are recommended in order to reduce
further compaction by traffic that results in rutting of the pavement.
On the other hand, a certain amount of air voids in the mixture is need-
ed to increase drainage and curing rate. In this study, the typical
unit weights of the mixture at time of compaction ranged from 2348 kg/m


























\ H <OZ QJ
P *












































1 A UJiU 4\ cc•D
o \ u.
55
and percent initial added moisture affected the compactabi Lity of the
mixture. Increasing, the asphalt emulsion content and/or percent ini-
tial added moisture increases the lubrication between the aggregate par-
ticles. This allows aggregate particles to move smoothly during compac-
tion to decrease the air voids and increase the unit weight of the mix-
ture as well. At the same time both asphalt emulsion and moisture fill
the air voids between aggregate particles. The average unit weights at
time of compaction for the different asphalt emulsion contents and ini-
tial added moistures are presented in Table 4.2
Table 4.2 Average Unit Weights of the AEM at
Time of Compaction, kg/m (pcf)





The interaction of asphalt emulsion content, percent initial added
moisture and aggregate type had a significant effect on the compactabil-
ity of the mixture (Figure 4.11). Limestone mixtures with 4% asphalt
emulsion residue content and 4.5% initial added moisture gave the
highest average unit weight after compaction which is satisfactory in
design.
4.4.7 Unit Weight at Time of Testing
The wet unit weight of the specimen at time of testing including
the moisture portion represents the unit weight of the mixture in the



































152.8 pcf) with an average of 2389 kg/m (149.1 pcf) for all mixtures
included in the study. The wet unit weight at testing time was mainly
affected by asphalt emulsion content, curing level and type of aggregate
(Figure 4.12). Increasing the asphalt emulsion content helps in filling
the air voids in the mixture. It also helps in lubricating the mixture
allowing more compaction which increased the wet unit weight. However,
more curing allows moisture to leave the mixture and decreases the wet
unit weight. In addition, limestone mixtures gave higher wet unit
weights than sand and gravel mixtures.
The dry unit weight of the specimen excluding the moisture portion
ranged between 2301 and 2424 kg/m (143.6 and 151.3 pcf) with an average
of 2364 kg/m (147.5 pcf) for all specimens in the study. It was large-
ly affected by the asphalt emulsion content and aggregate type. It was
not affected by curing, as expected, because regardless of the amount of
moisture that leaves the specimen during curing, the oven-dried weight
of the specimen remained the same and the dry unit weight remained the
same also. The effects of asphalt emulsion content and aggregate type
took the same trend as the case of the wet unit weight. The average day
unit weight increased from 2353 to 2375 kg/m (146.8 and 148.2 pcf) when
the asphalt emulsion residue contents were 3.25 and 4% by weight of dry
aggregate respectively. Also, the average dry unit weight was 2345
kg/m (146.3 pcf) for sand and gravel mixtures and 2382 kg/m (148.6







































4.4.8 Moisture Retained at Time of Testing
The main function of the moisture in the cold mixed AEM is to
enhance the workability of the mix and to improve the aggregate coating
with asphalt residue during the mixing operation. During the curing
process, the water evaporates leaving the asphalt residue adhering to
the surface of the aggregate particles. The amount of moisture retained
in the mixture is a measure of the degree of curing.
In this study, the amount of moisture retained at time of testing
ranged between 0.25% and 2.20% of the dry weight of aggregate. It was
mainly affected by curing as well as asphalt emulsion content. The
average retained moisture was 1.6% for 1-day air cured mixtures, while
it was 0.7% for 3-day oven cured mixtures. Also, when the asphalt emul-
sion residue content increased from 3.25 to 4%, the moisture retained in
the mixture increased from 1.0 to 1.3%.
The effect of curing, asphalt emulsion content and aggregate type
upon percent retained moisture is illustrated in Figure 4.13. It is ap-
parent that oven-cured specimens had much lower percent moisture than
air-dried specimens. Also, the percent retained moisture was higher for
the 4% asphalt emulsion residue than for the 3.25% asphalt emulsion
residue especially for oven curing versus air curing.
4.4.9 Total Liquid at Time of Testing
The total liquid in the asphalt emulsion treated mixture is the sum
of the asphalt emulsion residue content and the amount of retained mois-
ture. It is one of the parameters frequently used in the asphalt emul-
sion mixture evaluation. The average total liquid of all specimens






















































between 3.5% and 6.0% due to the effect of the different factors.
The total Liquid in the mixture at time of testing (after curing)
was Largely affected by curing condition and asphalt emulsion content.
Curing allows moisture to evaporate which decreases the amount of total
liquid. Also, increasing the asphalt emulsion increases the liquid con-
tent of the mixture and decreases the rate of moisture loss during cui
—
ing. The average total liquid of all specimens in the study decreases
from 5.2% to A. 3% when the curing condition changed from 1-day air cur-
ing to 3-day oven curing. Meanwhile, increasing the asphalt residue
content from 3.25 to 4% increased the average amount of total liquid
from 4.3 to 5.2% by weight of the day aggregate.
4.4.10 Voids at Time of Testing
a. Air Voids
Minimum air voids are desired to reduce rutting or excessive defor-
mation by traffic, and also to reduce moisture absorption which affects
the stripping potential. On the other hand, a certain amount of air
voids is needed to enhance the rate of curing of the mixture and to im-
prove the drainage of the pavement.
The air voids for all specimens used in the indirect tensile study
ranged between 2.56% and 9.80% of the total volume with an average of
5.50%. The percent air voids at time of testing was markedly affected
by the asphalt emulsion content and curing time. It decreased from
6.68% to 4.32% by increasing the percent asphalt residue content from
3.25 to 4% by weight of dry aggregate. The reason for this is that the
asphalt emulsion replaces air voids and allows more compaction as well.
It was also found that curing had a marked effect on increasing percent
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air voids because curing allowed water to leave the mixture. For 1-day
air curing, the average air voids was 4.44% of the total volume, while
it was increased to 6.56% for 3-day oven curing.
The interaction of curing, initial added moisture and aggregate
type was found to have a significant affect on the amount of air voids
in the mixture. Different combinations of this interaction had dif-
ferent effects on the air voids as illustrated in Figure 4.14. The max-
imum values of air voids were obtained for sand and gravel mixtures at
3-day oven curing for both 3 and 4.5% initial added moistures.
b. Total Voids
The total voids in the asphalt emulsion mixture at time of testing
are the sum of air voids and voids filled with moisture. They are one
of the parameters used to evaluate the mixture, as it affects the densi-
ty and permeability of the mixture as well as the potential for rutting
or excessive deformation by traffic. The total voids at time of testing
varied between 5.80 and 10.51% of the total volume for all specimens in
the indirect tensile test study.
The total voids at time of testing were affected mainly by the as-
phalt residue content. Increasing the asphalt residue content from 3.25
to 4% decreased the total voids from 9 to 7.2% of the total volume. The
total voids were not affected by curing because curing allows water to
leave the mixture but the total voids remains the same.
c. Voids in the Mineral Aggregate (VMA)
The voids in the mineral aggregate, VMA, are the volume of inter-
granular void space between the aggregate particles in a compacted pav-













































residue and the moisture retained in the mixture, expressed as a percent
of the total volume of the sample. In this study, the VMA at time of
testing varied between 15.00 and 17.68% of the total volume with an
average of 16.29% for all specimens. It was not significantly affected
by the variables considered in the study at a level of significance of
5%.
4.4.11 Effect of Aggregate Gradation on the
Asphalt Emulsion Mixture Properties
The effect of aggregate gradation was investigated by evaluating a
few numbers of specimens prepared with coarse graded aggregate, CG (Fig-
ure 3.1). Both sand and gravel and limestone mixtures were used. The
asphalt emulsion contents were 3.25 and 4% by weight of the dry aggre-
gate. The initial added moisture content evaluated in this part of the
study was 4.5%. Specimens were cured in the oven for 3 days at 49°
C
(120°F). Three replicates of each factor combination were evaluated us-
ing the indirect tensile test. One test temperature was considered
which was 24°C (75°F). A comparison was made between the mixture pro-
perties of the coarse graded specimens and the corresponding medium
graded specimens which were investigated in the previous sections of
this chapter. The effect of aggregate gradation on the different as-
phalt emulsion mixture properties is shown below:
a . Indirect Tensi le Test Results
Medium graded specimens gave higher indirect tensile strengths than
coarse graded specimens. The average indirect tensile strength of the
medium graded specimens was 148.7 kPa (21.6 psi) as compared to 132.3
kPa (19.6 psi) for the corresponding coarse graded specimens. For lime-
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stone mixtures, the difference in strength between medium and coarse
graded specimens was Large compared to sand and gravel specimens as dep-
icted in Figure 4.15. In addition, the medium graded specimens were af-
fected by the asphalt emulsion content in the same manner as the coarse
graded mixtures. Increasing the asphalt residue content from 3.25 to 4%
slightly decreased the average indirect tensile strength values. Moreo-
ver, limestone mixtures gave higher indirect tensile strength values
than sand and gravel mixtures.
The effect of aggregate gradation on the indirect tensile stiffness
for the different asphalt emulsion contents and aggregate types is
represented in Figure 4.16. The highest indirect tensile stiffness
values were obtained for medium graded limestone specimens with 3.25%
asphalt residue content. In addition to stiffness, the indirect tensile
index displayed the same trend as the indirect tensile stiffness.
The effect of aggregate gradation on the total tensile strain at
failure was also investigate. Medium graded mixtures were found to have
slightly higher total tensile strans at failure than coarse graded mix-
tures in most cases. The average total tensile strain at failure was
0.0086 and 0.0082 mm/mm (in. /in.) for medium and coarse graded mixtures
respectively,
b. Unit Weights
The maximum density curve for the aggregate gradation is closer to
the medium gradation than the coarse gradation as may be seen in Figure
3.1. Therefore, the unit weight after compaction was higher for medium
graded specimens than for coarse graded specimens. The average unit
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(150.4 pcf), while it was 2376 kg/m (148.3 pcf) for the corresponding
coarse graded specimens. The wet unit weight of the specimen at time of
testing (after curing) was also Larger for medium graded specimens than
coarse graded specimens. The average wet unit weight at time of testing
was 2377 and 2347 kg/m (148.3 and 146.5 pcf) for medium and coarse
graded specimens respectively. The average wet unit weight of the
specimens for the different aggregate types, aggregate gradation and as-
phalt emulsion contents is shown in Figure 4.17. Meanwhile, the dry
unit weight of the specimens took the same trend as the wet unit weight
at time of testing. The average dry unit weight of medium graded speci-
mens was 2361 kg/m (147.3 pcf), while it was 2335 kg/m (145.7 pcf) for
the corresponding coarse graded specimens,
c. Ai r Voids
The amount of air voids was largely affected by aggregate grada-
tion. Coarse graded specimens had a larger percent air voids than medi-
um graded specimens. The average air voids for medium graded specimens
was 6.66% of the total volume while it was 8.10% for the corresponding
coarse graded specimens. The interaction effect of aggregate type, ag-
gregate gradation and asphalt emulsion content on the amount of air
voids is depicted in Figure 4.18. Larger percents of air voids were ob-
tained for coarse graded mixtures than medium graded mixtures especially
when limestone was used.
The amount of total voids, which is the sum of air voids and voids
filled with moisture, displayed the same trend as the air voids for the
different aggregate types, aggregate gradations and asphalt emulsion
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graded specimens than medium graded specimens. The amounts of total
voids for the different combinations of the different factors are
presented in Table 4.3.
Table 4.3 Percent Total Voids for Different Aggregate
Types, Aggregate Gradations and Asphalt
Emulsion Contents
Sand and Gravel Limestone
Asphalt Residue Content Wed i urn Coarse Med i urn Coarse
3.25% 9.52 9.74 9.05 10.58
4.00% 7.33 8.30 6.89 8.26
The voids in the mineral aggregate, VMA, was affected by the aggre-
gate gradation in a similar way as the air voids and the total voids.
Larger values of VMA were obtained for coarse graded mixtures than medi-
um graded mixtures. The average VMA for medium graded specimens was
16.38% of the total volume, while it was 17.31% for coarse graded speci-
mens.
4_. 5_ Water Sensitivity Test
The affect of water on the characteristics of the asphalt emulsion
mixture was investigated using a modification of the Asphalt Institute
water sensitivity test (5). This test was found to be an essential part
in the characterization of the asphalt emulsion mixture. The test is
not very harmful to specimens taking into consideration the low strength
of the mixture at early ages. Also, the test allows a reasonable amount
of moisture to be absorbed by the specimens. In this test, specimens
were weighed after they had been cured for the required amount of time.
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Specimens were subjected to a vacuum of 30 mm Hg for one hour (Figure
4.19). At the end of the one hour period, water was drawn into the va-
cuum chamber submerging the specimens at an ambient temperature of 22° C
(72°F). The vacuum was released and the specimens were transferred to a
water bath at the same temperature for 24 hours. The saturated surface
dry weights of the specimens were then determined.
Upon completion of the water sensitivity test, the vacuum saturated
specimens were placed in a constant temperature chamber of 24° C (75° F)
for about 1/2-1 hour before performing the indirect tensile test. The
test was conducted at 24° C (75° F) using the same equipment and experi-
mental procedure discussed before which were used for the dry specimens.
After conducting the indirect tensile test, the specimens were crushed
and dried in a forced draft oven for 24 hours at 110° C (230° F) then
weighed. The dry weight of the specimen represents the weight of the
dry aggregate plus the asphalt residue weight.
Measurements that were determined from the test were as shown
below. These measurements were important to indicate the effect of va-
cuum saturation on the mixture performance at different conditions.
1. Indirect tensile strength of the vacuum saturated specimens, as cal-
culated using the maximum load which the specimen can resist (see
Equation 4.1).
2. Indirect tensile stiffness of the vacuum saturated specimens which
was obtained from the continuous recording of the load versus hor-
izontal deformation of the specimens and assumed Poisson's ratio
values of 0.35 at 24°C (75°F) (see Equation 4.3).
3. Indirect tensile index of the vacuum saturated specimens using the
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FIGURE 4.19, VACUUM SATURATION APPARATUS
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same method which was used for the dry specimens.
4. Moisture contents of the specimens before and after vacuum satura-
tion expressed as percents by weight of the dry aggregate.
5. Moisture absorption of the vacuum saturated specimens (moisture
pick-up) as a percent by weight of the dry aggregate; which is the
difference between moisture contents after and before vacuum satura-
tion.
6. Total Liquid of the vacuum saturated specimen as a percent by weight
of the dry aggregate; which is the sum of asphalt residue content
and water content after vacuum saturation.
The different factors which were evaluated in the water sensitivity
test study were as follows: (See Table 4.1)
1. Aggregate type; both sand and gravel mixture and limestone were
used.
2. Asphalt emulsion residue content; 3.25 and 4% by weight of the dry
aggregate.
3. Curing; two levels of curing were considered which were 1-day air
curing and 3-day oven curing at 49°C (120°F). These two curing lev-
els represented the initial and long-term curing conditions of the
asphalt emulsion mixture in the field.
One aggregate gradation was used in all vacuum saturated specimens
which was the medium gradation, MG (Figure 3.1). The initial moisture
added to the mixtures was 3% of the dry weight of aggregate. Three re-
plicates for the different factor combinations were tested. A compari-
son between the indirect tensile test results of the corresponding dry
and vacuum saturated specimens was performed.
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According to the results obtained from the study, it was found that
the indirect tensile stiffness of the oven cured specimens was affected
more than the air cured specimens by vacuum saturation (Figure 4.20).
For oven cured specimens, the indirect tensile stiffness of the dry
specimens was Larger than vacuum saturated specimens. However, for
1-day air cured specimens, the effect of vacuum saturation was not
large. The reason for this effect was mainly due to the high amount of
moisture absorbed by the oven cured specimens during vacuum saturation
compared to air cured specimens. The average reduction in the indirect
tensile stiffness due to vacuum saturation was 43% for oven cured speci-
mens for both asphalt residue contents. Meanwhile the indirect tensile
stiffness before and after vacuum saturation was not largely affected by
aggregate type.
The indirect tensile strength of the vacuum saturated specimens was
effected by the curing condition and aggregate type. Large indirect
tensile strength values were obtained for oven cured limestone mixtures
compared to air cured sand and gravel mixtures. The difference between
the indirect tensile strengths before and after vacuum saturation was
not large and it did not show a consistent trend. In addition, the to-
tal tensile strain at failure was not largely affected by vacuum satura-
tion.
The indirect tensile index was affected by the vacuum saturation
for oven cured specimens as shown in Figure 4.21. The average indirect
tensile index decreased due to the vacuum saturation of oven-cured
specimens for the different asphalt emulsion contents. At 1-day air
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FIGURE 4.20 EFFECT OF VACUUM SATURATION
ON THE INDIRECT TENSILE
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CONTENTS AND CURINGS (3% Wand
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fected by vacuum saturation especially at 4% asphalt residue content.
Moreover, in most cases, the indirect tensile index was large for lime-
stone mixtures than for sand and gravel mixtures.
The amount of moisture absorbed by the mixture during vacuum sa-
turation affects the performance of the mixture. When the amount of
moisture absorbed during saturation increases, the stripping potential
increases and the bond between asphalt residue and aggregate particles
is weakened. The average values of moisture absorption due to vacuum
saturation for the different asphalt emulsion contents, curing levels
and aggregate types are demonstrated in Figure 4.22. Mixtures contain-
ing small amounts of asphalt residue had a higher percentage of air
voids and consequently absorbed larger amounts of moisture during vacuum
saturation than mixtures containing higher amounts of asphalt residue.
Also, oven cured specimens had a higher percentage of air voids than air
cured specimens. Therefore, larger amounts of moisture were absorbed by
oven cured specimens than air cured specimens in most cases. In addi-
tion, limestone mixtures absorbed more moisture during vacuum saturation
than sand and gravel mixtures for the same reason.
In general, the average amount of moisture absorption during vacuum
saturation for all mixtures was 1.48% of the dry weight of aggregate.
The amount of moisture absorption did not exceed 2.5% for any mixture
used in the study. Moisture absorption had some influence on the ten-
sile characteristics of the asphalt emulsion mixture. However, it did
not result in serious damage or weakness in the mixture. The amount of
moisture absorbed by the mixture during vacuum saturation was related to
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of moisture absorption and the indirect tensile test results because of
the small amount of moisture absorption in most cases.
The percent total liquid after vacuum saturation, which is the sum
of asphalt residue content and moisture content, was affected by the
curing level of the mixtures. The average total liquid of the vacuum
saturated specimens decreased from 6.63% for 1-day air curing to 6.01%
for 3-day oven curing. The corresponding averages for the same speci-
mens before vacuum saturation were 5.29 and 4.94 for 1-day air curing
and 3-day oven curing respectively. The amount of total liquid after
vacuum saturation was affected also by the amount of asphalt residue in
the mixture. Increasing the asphalt residue content from 3.25 to 4% in-
creased the amount of total liquid from an average of 6.21 to 6.43% by
weight of dry aggregate respectively.
£.6_ Summary of Indirect Tensi le Test Results
In this chapter, the performance of the asphalt emulsion mixture
was investigated using the indirect tensile test. Different design
parameters were evalutated under several mix variables and temperatures.
Two aggregate types, aggregate gradations, asphalt emulsion contents,
initial added moistures and curing levels were considered. One asphalt
emulsion type and grade was utilized in the study. The test was per-
formed at three different temperatures. A summary of the indirect ten-
sile test results and other asphalt emulsion mixture properties is
presented in Table 4.4 and Appendix C. The important findings of the
study are as follows:
1. Test temperature was the most important factor that affected the in-
direct tensile properties of the mixture. High test temperatures
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Table 4.4 Summary of the Indirect Tensile Test Results
and Other AEM Properties
Measurement Range Important Factors
Strength 25-596 kPa (3.6-86 psi) T,AG,C,W
Poisson's Ratio * T,C
Stiffness 17-2482 MPa (2.4-360 ksi) T,AE,AG
Fai lure Strain 5.8x10~ - 11.9x10~ mm/mm (iri./ in.) AE,C,T
Index 0.8 - 119 kN/mm (4.5x103-680x103 lb/ in) T,AG,AE
CM 2348-2466 kg/m3 (147.3-152.8 pc f) AE, W, AG
YW
2312-2450 kg/m3 (144.3-152.8 pc f) AE, C, AG
^d
2301-2424 kg/m3 (143.6-151.3 PC f) AE, AG
%WC 0.25 - 2.20% AE, C
%TL 3.50 - 5.97% AE, C
%V AA
2.560 - 9.800% AE, C
%V 5.803 - 10.509% AE
%VMA 14.997 - 17.680%
Note: The effect of aggregate gradation is not included in this table.
Unreasonable Poisson's ratio values were obtained.
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increased Poisson's ratio and decreased the indirect tensile
strength, stiffness and index. Test temperature also had some in-
fluence on the total tensile strain at failure.
2. Limestone mixtures had higher indirect tensile strengths and indices
than did the sand and gravel mixtures. Aggregate type had a signi-
ficant effect on the indirect tensile stiffness specially at low
temperature. In addition, limestone mixtures had higher unit
weights than sand and gravel mixtures.
3. In most cases increasing the asphalt emulsion content decreased the
indirect tensile stiffness and index. It also increased the total
tensile strain at failure, unit weight at time of compaction, re-
tained moisture and unit weight at time of testing. Both air voids
and total voids at time of testing decreased when the asphalt emul-
sion content increased.
4. The characteristics of the mix changed markedly when the air curing
condition was compared to the oven curing condition. Oven curing
increased the indirect tensile strength of the mixture and decreased
Poisson's ratio and total strain at failure. Oven curing also de-
creased the wet unit weight and moisture retained at time of test-
ing. It increased the air voids in the mixture as well.
5. Increasing the initial added moisture from 3% to 4.5% of the dry
weight of aggregate decreased the indirect tensile strength of the
mix. At the same time, the high initial moisture added to the mix-
ture resulted in high unit weights of the mixture at time of compac-
tion.
6. The indirect tensile index proved to have a good correlation with
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asphalt emulsion content, and test temperature. It is believed that
using the indirect tensile index together with other indirect ten-
sile parameters would provide a good characterization of the asphalt
emulsion mixture.
7. Medium graded mixtures gave higher indirect tensile strengths, total
tensile strains at failure, unit weights and less voids than coarse
graded mixtures.
8. Vacuum saturation reduced the indirect tensile stiffness and index
for oven cured specimens, but did not have a large effect on the in-
direct tensile strength of the mixture. The moisture absorption
during vacuum saturation was related to the amount of air voids in
the mixture. It did not exceed 2.5% by weight of dry aggregate and






As traffic moves on the pavement, the vertical and horizontal
stresses change such that each wheel pass can be considered as a stress
pulse. The magnitude, shape and duration of these pulses vary with the
wheel load, its speed, and the depth in the pavement at which the stress
is considered (56). Therefore, the use of the dynamic tests is the most
realistic method to simulate the actual stress conditions of the pave-
ment. The resilient characteristics obtained by the dynamic load tests
were found to be very important in highway pavement evaluation.
One of the common dynamic tests frequently used to determine the
resilient characteristics of the pavement material mixtures is the
method of diametral loading. The test is conducted by applying a light
pulsating load across the vertical diameter of the specimen and record-
ing the vertical and horizontal deformations during the load applica-
tion. Poisson's ratio and the resilient modulus values can both be
determined from the test. These values are necessary for the multilayer
elastic design method as well as the finite element method of pavement
design (9,46) and are valuable for the characterization of pavement ma-
terial mixtures.
In this part of the study, the diametral resilient modulus test was
used to evaluate the asphalt emulsion mixes performance. The instan-
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taneous resiliet Poisson's ratio and resilient modulus were determined
at different mix components and environmental conditions. The effect of
vacuum saturation on the dynamic characteristics of the mixture was also
evaluated. In addition, the relationship between the dynamic charac-
teristics and the indirect tensile properties of the mixture was inves-
tigated.
_5_. 2_ Design of Experiment
The Analysis of Variance (ANOVA) tests were performed to determine
the effect of some independent variables (factors) on the response vari-
ables of the asphalt emulsion mixtures. The response variables and the
independent variables are shown below.
5.2.1 Response Variables
Some of the response variables were measured to give indications of
the resilient characteristics of the asphalt emulsion mixes, while oth-
ers concerned the physical properties of the mixtures. The response
variables which were considered in this part of the study were as fol-
lows :
1. Instantaneous resilient Poisson's ratio as determined by measuring
the instantaneous resilient vertical and horizontal deformations of
the specimen when the pulsating load was applied (see Equation 5.2).
2. Instantaneous resilient modulus, which was calculated using the pre-
viously determined instantaneous resilient Poisson's ratio value and
the instantaneous resilient horizontal deformation of the specimen
when the pulsating load was applied (see Equation 5.3).
3. Unit weight after compaction; which is a measure of compatabi lity of
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the mixture. It was determined by obtaining the specimen weight and
height just after compaction while the specimen was still in the
mold.
4. Wet and dry unit weights at time of testing. The wet unit weight
referred to the density of the specimen after curing including the
moisture portion, while the dry unit weight was determined excluding
the moisture portion in the mixture.
5. Moisture retained in the specimen at time of testing (after curing),
as a percent by weight of the dry aggregate.
6. Total liquid in the mixture at time of testing as a percent of the
dry weight of aggregate; which in the sum of percent of asphalt
residue and percent of moisture retained after curing.
7. Voids at time of testing (after curing) including:
a. Air voids in the compacted asphalt emulsion moisture.
b. Total voids; which are the sum of air voids and voids filled
with moisture in the compacted mixture.
c. Voids in the mineral aggregate, VMA; which are defined as the
intergranular void spaces between the aggregate particles in the
compacted asphalt emulsion mixture.
Voids were expressed as percents of the total volume of the compact-
ed specimen. They were determined on the bases of the apparent
specific gravity of the aggregate and assuming no asphalt was ab-
sorbed into the aggregate. (For voids calculations, see Appendix
A).
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5.2.2 Independent Variables (Factors)
The independent variables considered in this investigation are
presented in Table 5.1. These variables are as follows:
1. Aggregate type, AG; two types of aggregate were considered. The
first type was a mixture of sand and gravel, while the second type
was a crushed limestone as discussed in Chapter 3.
2. Aggregate gradation, G; two aggregate gradations were used. The two
gradations were medium gradation (MG) and coarse gradation (CG) as
shown in Figure 3.1.
3. Asphalt emulsion residue content, AE. Two levels of asphalt residue
contents were used; 3.25 and 4% of the dry weight of aggregate.
These levels of asphalt residue contents were chosen within the
range recommended by ISHC standard specifications.
4. Initial added moisture, W. Three levels of initial added moisture
were used; 1.5, 3 and 4.5% of the dry weight of aggregate. This
range of mixing water provided a reasonable coating of asphalt resi-
due on the aggregate particles.
5. Curing, C; three curing levels were evaluated as shown below:
a. One-day air curing at a room temperature of 22°C (72°F).
b. Three-day air curing at a room temperature of 22°C (72°F).
c. Three-day oven curing at 49°C (120°F). These curing levels
represented the initial (after construction), intermediate and
long-term curing conditions in the field respectively.
6. Test temperature, T; three temperature levels were used in the resi-
lient modulus test. These temperatures were 10, 24, and 38°C (50,
75, and 100°F) respectively.
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Three replicates for each combination of factors were tested. At
one-day air curing, however, specimens were not firm enough to be tested
at 38°C (100°F). Therefore, factor combinations of one-day air curing
and 38°C (100°F) test temperature were dropped from the analysis. The
total number of data points were 576 representing all other factor com-
binations (see Table 5.1).
5.2.3 Statistical Models
The ANOVA tests were used to determine the significant effects of
the different factors and interactions on the response variables. Two
basic statistical models were used in the ANOVA. The first model in-
cluded all three curing levels and two levels of test temperature which
were 10 and 24°C (50 and 75°F). The second model included two curing
levels (3-day air curing and 3-day oven curing) and all three levels of
test temperature. The two statistical models took the same general form
except that levels of variables C and T were different as follows:
y...„ = v + R. + 6,.. + M. + RM.. + v,..
' i J kAm i (i) j ij T (ij)
+ W.+ Rw.. + MW.. + RMW... + <d,....
k ik ]k ijk (ijk)
+ C + RC + MC.„ + ... + n,.., »
l U ]A (ijkt)
m (ijkilm)
where
y.-.j, = measured response variable (Poisson's ratio, resilient
modulus, ... etc.)
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v = overall, mean
R. = effect of replicates
M. = AG + G + AE + interactions
AG = effect of aggregate type
G = effect of aggregate gradation
AE = effect of asphalt emulsion residue content
W, = effect of initial added moisture content
K
C = effect of curing
T = effect of test temperature
m
6, .»,Y, .. %#u # ... x and n, ..,„> = restrictions on randomization (2)(i)"(-ij)' (ijk) (ijkJl)
e,... „ = experimental error(ijkJlm)





l = 1,2,3 (for the first model) and 1,2 (for the second model)
m = 1,2 (for the first model) and 1,2,3 (for the second model)
The statistical models followed the split plot design (2). Accord-
ing to these models, one replicate (R) for all combinations was per-
formed first. The second replicate was performed next then the third
replicate. Within each replicate, tests were performed on specimens
having a certain curing level (C) before considering the other curing
levels. Also, for every curing level, specimens were tested at a cer-
tain temperature (T) before testing at other temperatures. In addition,
within each curing and temperature combination, specimens containing a
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certain initial added moisture content (W) were tested before consider-
ing other Levels of moisture contents. Tests were randomized for the
different aggregate types (AG), aggregate gradations (G) and asphalt
emulsion contents (AE) within each replicate, curing, temperature and
initial added moisture combination. All factors and interactions were
tested versus their interactions with the replicate (R) (see Appendix
B) . This method of design allows tests for all factors and interactions
despite the restrictions on randomization. A level of significance of
5% was used in the different ANOVA tests.
In addition to these two statistical models, a third model was used
to check the results. In this model, levels of curing were combined
with temperature levels forming a new hypothetical factor with eight
levels. Student Newman-Kule analysis was used to determine the signifi-
cant effects of the individual levels of factors and interactions. The
means of the response variables in each combination of factors (cell)
were used in observing any physical trends that might be present. Fi-
nally, subjective judgements on the performance of AEM were made.
5_.Z_ Equipment and Experimental Procedure
5.3.1 Equipment
The resilient modulus equipment (Figure 5.1) was similar to the
equipment developed by Schmidt (51) with some modifications. It con-
sisted mainly of a compressed air resource, solenoid valve, piston,
loading frame, measuring devices and a two-channel chart recorder. The
laboratory was equipped with a compressed air source which could be con-
trolled by a pressure regulator. A solenoid valve activated by an elec-
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of compressed air were transmitted to a Light pulsating Load by means of
the piston fixed on top of the Loading frame.
The Load pulses were applied every 3 seconds with a dwell time of
0.1 second. The magnitude of the load was controlled by adjusting the
compressed air using the pressure regulator. A constant load of 334 N
(75 lb.) was used throughout the experiment. This load was chosen to
avoid any damage to the specimen and at the same time to provide suit-
able values of vertical and horizontal deformations (15,50). The load
was applied across the vertical diameter of the specimen using two
curved stainless steel loading strips with 12.7 mm (1/2 in.) width. The
loading strips were curved at the interface with the specimen with a ra-
dius of 51 mm (2 in.) .
The vertical deformations of the specimen were measured using two
identical Linear Variable Differential Transformers (LVDTs), fixed in a
vertical position connecting the piston with the bottom base of the
frame as may be seen in Figure 5.1. The two LVDTs were fixed at equal
distances from the specimen on both sides. The output voltages of the
two LVDTs were connected in series to obtain one output representing the
sum of the two voltages. The output voltage was connected to one chan-
nel of the strip chart recorder.
The horizontal deformations, however, were measured using the same
diametral extensometer which was used in the indirect tensile test. De-
tails of the diametral extensometer are discussed in Section 4.3.1 of
Chapter 4 (Figure 4.4). The output voltage of the horizontal LVDT,
which was fixed to the diametral extensometer, was calibrated and con-
nected to the other channel of the strip chart recorder. Meanwhile, the
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diametral extensometer was fixed to a separate base behind the Loading
frame to reduce vibrations that might develop during the load applica-
tion. The outputs of the LVDTs were calibrated using a micrometer and a
voltmeter at temperatures of 10, 24, and 38°C (50, 75, and 100° F) which
were used in the experiment.
5.3.2 Temperature Control
The experiment was conducted inside a large controlled temperature
room. A thermometer was buried inside a dummy specimen to indicate the
actual temperature of the specimens. It took between 2-4 hours to
change the temperature to the required test temperature. During this
period, specimens were kept in sealed plastic bags to reduce the mois-
ture loss from the mixture. Also, coating the specimen with zinc
stearate when the unit weights were determined helped in retaining mois-
ture in the specimens.
5.3.3 Test Procedure
The following is a brief description of the testing procedure that
was followed for the resilient modulus test.
1. When the specimen reached the required test temperature, it was re-
moved from the plastic bag and placed in the resilient modulus test
machine. The distance between the two loading strips was adjusted
so that they touched the specimen before the load was applied. Care
was taken to make sure that the specimen was exactly centered
between the two loading strips.
2. The output voltages of the horizontal and vertical LVDTs were con-
trolled by changing the position of the LVDTs' cores relative to the
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coils in order that the LVDTs be used within the Linear range.
3. A pulse Load of 334 N (75 Lb.) was then applied across the vertical
diameter of the specimen every 3 seconds with a duration of 0.1
second.
4. During the load application, the changes in the output voltages of
the LVDTs were converted to movements of the recording pens. The
sensitivites of the recorder channels and the positions of the pens
were adjusted to obtain readout recordings within the chart. The
speed of the chart movement was adjusted to 5 mm/sec (0.2 in. /sec).
5. The pulsating load was applied several times to the specimen before
the results were considered. When constant vertical and horizontal
deformations were obtained on the chart for at least 10 times, the
load was stopped. This condition, however, was not fulfilled in all
cases especially at high temperatures and/or low curing levels be-
cause of the tension cracks that were quickly formed in the speci-
men.
6. The specimen was rotated 90° and tested again in the new position
using the same steps mentioned before. If large differences were
found between deformation values for the two positions, the specimen
was tested at a third position and the unreasonable results were
discarded.
7. After the test was completed, specimens were crushed into small
pieces and dried in a forced draft oven for 24 hours at 110°
C
(230°F). The weight of the dry material was determined which was
the weight of the dry aggregate and the asphalt residue. This
weight was used to determine the dry unit weight and the moisture
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retained in the specimen as shown in Appendix A.
One of the advantages of the resilient modulus test is that it is a
nondestructive type test. Therefore, some specimens were tested twice
or three times at different temperatures. In this case, they were test-
ed at the low temperatures first then at high temperatures to reduce
damage or permanent deformations. Specimens were kept in sealed plastic
bags while changing their temperatures between the different tests in
order to reduce the moisture loss. When cracks or noticeable deforma-
tions occurred to the specimen, no further tests were performed on the
same specimen.
5_.4^ Analysis of Results
When the pulsating load was applied across the vertical diameter of
the specimen, a typical trace of the vertical and horizontal deforma-
tions was obtained as shown in Figure 5.2. The load pattern is also
displayed in the figure. When a single repetition of Load is applied,
the corresponding vertical and horizontal deformations consist of the
following components:
1. An instantaneous elastic deformation which is a function of the mix
properties, temperature and the magnitude of the applied load.
2. A time-dependent response which is a function of all variables as
before plus the duration of the applied load.
3. An instantaneous elastic rebound takes place when the load is re-
moved which is a function of all variables mentioned under 1.
4. A time dependent recovered deformation which is a function of all
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FIGURE 5.2, TYPICAL LOAD, VERTICAL DEFORMATION
AND HORIZONTAL DEFORMATION VERSUS
TIME IN THE RESILIENT MODULUS TEST
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variables mentioned above plus the rebound time.
5. A small part of the total deformation that is not recoverable.
The resilient characteristics of the asphalt emulsion mixtures were
determined for each specimen at the two testing positions and the aver-
age values of both positions were determined. Equations which were used
to determine the indirect tensile stress, the instantaneous resilient
Poisson's ratio and the instantaneous resilient modulus are shown below
(34,37). These equations are valid only for the English units and are
restricted to 102 mm (4 in.) diameter specimens with curved loading
strips of 12.7 mm (1/2 in.) width. If the SI units are used, constants
should be changed in the equations.










R fTH^ (5 ' 3)
where
o__ = indirect tensile stress, psi
v = instantaneous resilient Poisson's ratio








= instantaneous resilient vertical deformation, in.
P = repeated load, lb
h = specimen height, in.
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The indirect tensile stress is a function of the magnitude of the
repeated Load and specimen height (Equation 5.1). For a constant-
magnitude repeated load, the stress changes only with the specimen
height. Since the variation in the specimens' heights was small, the
indirect tensile stresses had a small range from 30.2 kPa (4.38 psi) to
33.3 kPa (4.83 psi) with an average of 31.5 kPa (4.57 psi) for all
specimens in the study. Meanwhile, the instantaneous resilient vertical
deformations ranged from 0.015 to 0.076 mm (600 to 3000 microinches)
,
while the instantaneous resilient horizontal deformations ranged from
0.0005 to 0.02 mm (20 to 800 microinches).
A study of each one of the response variables of the asphalt emul-
sion mixtures is discussed in the following sections of this chapter.
This will be followed by a presentation of the water sensitivity test
analysis corresponding to this phase of the study.
5.4.1 Instantaneous Resilient Modulus (MD )
The resilient modulus is defined as the ratio of the applied stress
to the recoverable or resilient strain when the load is applied in a
dynamic condition. The instantaneous resilient modulus, M
R ,
obtained by
the diametral repeated load test is analogous to the modulus of elasti-
city, E, determined from the static load test. In the diametral repeat-
ed load test, the M_ value is obtained using Equation 5.3.
K
At low temperatures, shrinkage cracks tend to develop in the pave-
ment. The smaller the resilient modulus of the asphalt mixture, the
lower the thermal stresses developed in the pavement by temperature
changes. Thus, low resilient modulus values for asphalt treated mix-
tures are desired in order to obtain good performance at low tempera-
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tures so that such cracks will be reduced or eliminated. On the other
hand, high resilient modulus values are needed at high temperatures to
reduce excessive deformation or rutting in the asphalt pavement due to
the traffic loads. In general, asphaltic mixes which are not largely
affected by temperature are required in order to have small variation in
the resilient modulus values at different temperatures.
The instantaneous resilient modulus was found to be a good measure
for asphalt emulsion mixture characterization. In this study the value
of the resilient modulus was determined for different mixture com-
ponents, curing levels and test temperatures. The M
R
values of the in-
dividual specimens ranged from 212 MPa (30.7 ksi) to 1157 MPa (167.8
ksi) with an average of 531.9 MPa (77.2 ksi). According to the ANOVA
results, the M value was largely affected by test temperature, curing
R
and aggregate type. The effect of test temperature and curing on the
average M_ value is demonstrated in Figure 5.3. It is obvious that in-
R
creasing the test temperature had a large effect on decreasing the M
R
value of the mixture for the same curing level. High temperatures de-
creased the viscosity of the asphalt residue and reduced the stiffness
of the mixture. Therefore, the M obtained at high temperatures were
smaller than values obtained at low temperatures. A reduction of about
55% occurred in the average value of M by increasing the test tempera-
R
ture from 10°C to 38°C (50 to 100° F) for both 3-day air and oven cured
specimens.
It was found also that curing increased the M value of the mix-
K
tures for the same test temperature. A stiff mixture is obtained when
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Thus, Large MD values were obtained for oven curing relative to the air
curing. Also, 3-day air cured specimens gave larger M than 1-day air
cured specimens.
Limestone mixtures gave larger M values than sand and gravel mix-
K
tures. The average M values of all limestone mixtures was 570 MPa
R
(82.7 ksi), while sand and gravel mixtures gave an average M value of
494 MPa (71.6 ksi). Unlike sand and gravel, the rough surface and the
angular shape of the limestone as well as its mineralogical composition
increased the aggregate interparticle friction and improved the coating
of asphalt residue on the aggregate particles, and consequently the M
R
value increased.
Neither the asphalt emulsion content nor the aggregate gradation
significantly affected the value of M
R
at a level of significance of
0.5. However, the interaction effect of the asphalt emulsion content
and aggregate gradation was significant. This conclusion draws the at-
tention to the required amount of asphalt for the different aggregate
gradations. Medium graded aggregate has more surface area than coarse
graded aggregate. Therefore, medium graded aggregate needs a nigher
amount of asphalt emulsion than coarse graded aggregate to provide a
good coating. This effect was observed on the M values of the mixtures
R
as illustrated in Figure 5.4. It was found that increasing the asphalt
residue content from 3.25% to 4% increased the average M value for
K
medium graded mixtures and decreased it for coarse graded mixtures. The
larger surface area of the medium graded aggregate required a larger
amount of asphalt emulsion to improve the coating and to obtain a stiff
























Note: I MPa = 145 psi
FIGURE 5.4, EFFECT OF AGGREGATE GRADATION
AND ASPHALT EMULSION CONTENT
ON THE AVERAGE INSTANTANEOUS
RESILIENT MODULUS
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for coarse graded mixtures increased the thickness of the asphalt coat-
ing. Therefore, a Less stable mixture was formed and small M values
were obtained.
The interaction of asphalt emulsion content, aggregate type and
curing had a significant effect on the MR value for 10 and 24° C (50 and
75°F) test temperatures as may be seen in Figure 5.5. High average M
values were obtained using limestone mixtures and 3-day oven curing com-
pared to sand and gravel mixtures and 1-day air cuirng. In addition,
mixtures with 4% asphalt residue content provided larger average M
values than mixtures with 3.25% asphalt residue at 1-day air curing.
However, at 3-day oven curing the opposite was true.
It was found also that the interaction of percent initial added
moisture, curing and asphalt emulsion content had a significant effect
on the M_ value for both 3-day air and oven curings (Figure 5.6). The
K
interaction effect of 3-day oven curing with other mix components gave
higher MD values than 3-day air curing. Moreover, it was found that us-
ing 1.5% initial added moisture and 3.25% asphalt residue content at
3-day oven curing gave the largest average M value. Using 4.5% initial
added moisture and 4% asphalt residue content at 3-day air curing gave
the smallest average M
R
value. Also, large average M values were ob-
tained at 1.5% initial added moisture compared to 3 or 4.5% initial ad-
ded moisture for the same asphalt emulsion content and curing level.
According to the ANOVA tests, it was found that the M value was
largely affected by the interaction of asphalt emulsion content, test
temperature and aggregate gradation for 3-day air and oven curings as
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Larger MD values than coarse graded mixtures for the corresponding fac-R
tor combinations. Large MD values were obtained at low temperaturesR
rather than high temperatures for the corresponding factor combinations.
The relationship between the instantaneous resilient modulus and
the total liquid at time of testing for the different curing levels and
test temperatures is shown in Figure 5.8. Increasing the curing level
from 1-day air curing to 3-day air curing or 3-day oven curing for the
same test temperature decreased the amount of total liquid and at the
same time increased the PL value. This indicates that the asphalt emul-
R
sion mixture builds up its strength by curing when water is evaporated
leaving the asphalt residue adhering to aggregate particles. The larg-
est effect of curing was indicated at 3-day oven curing at which the to-
tal liquid content decreased markedly and the resilient modulus value
largely increased. It is obvious that the maximum value of MR is ob-
tained when all the moisture evaporates during the long-term curing pro-
cess. It is shown also that the asphalt emulsion mixture is largely af-
fected by test temperature for the different total liquid contents and
curing levels.
5.4.2 Instantaneous Resilient Poisson's Ratio
Poisson's ratio in the classical sense is defined as the ratio of
the lateral strain to the axial strain, caused by an axial load. Simi-
lar values of Poisson's ratio may be obtained using the diametral load
in either the static or dynamic conditions, provided that the material
is homogeneous, isotropic and linear elastic. Using the diametral re-
peated load test, Poisson's ratio may be obtained from Equation 5.2. In
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ranged between 0.1 and 0.45 with an average of 0.314 for all specimens.
A very small number of Poisson's ratio values were negative at the 10°
C
(50°F) test temperature. The reason for this could be due to the test-
ing error provided that the actual deformation values of the specimens
were very small at low temperatures. However, some Poisson's ratio
values were larger than 0.5 at 38°C (100°F) test temperature. At high
test temperatures, specimens were not firm enough so that tension cracks
were developed after a few applications of load. These tension cracks
caused an increase in specimen volume which increased the values of
Poisson's ratio.
Poisson's ratio was largely affected by all main factors included
in the study except aggregate gradation. The most important factors
which affected the value of Poisson's ratio were test temperature and
curing. The average Poisson's ratio values obtained at different curing
levels and test temperatures are presented in Table 5.2. It is obvious
that increasing the test temperature decreased the viscosity of asphalt
residue and caused tension crack to develop which resulted in a large
instantaneous horizontal deformation of the specimen and had a direct
effect on increasing Poisson's ratio values (see Equation 5.2).
Meanwhile, Poisson's ratio was decreased by increasing the curing level
from one-day air curing to three-day air curing or three-day oven cur-
ing. Obviously, curing allowed water to evaporate and increased the
consistency of the asphalt residue which resulted in harder mixes.
Increasing the asphalt emulsion residue content from 3.25 to 4% in-
creased the lubrication between aggregate particles and consequently the
average Poisson's ratio values for all specimens was increased from
111
Table 5.2 Average Instantaneous Resilient Poisson's Ratio Values
for Different Curings and Test Temperatures
























The asphalt emulsion mixture did not meet the initial assumptions in
the original derivation of equations.
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0.291 to 0.338. In addition, changing the percent initial added mois-
ture affected the value of Poisson's ratio. The average values of
Poisson's ratio were 0.279, 0.341, and 0.322 using initial added mois-
tures of 1.5, 3, and 4.5% of the dry weight of aggregate respectively.
The mixture performance was different when different types of ag-
gregates were used. Sand and gravel mixtures gave higher Poisson's ra-
tio values than limestone mixtures. This is because of the angular
shape and the rough surface of limestone particles as opposed to the
sand and gravel particles. An average value of 0.341 was obtained for
Poisson's ratio using the different sand and gravel mixtures versus
0.228 using limestone mixtures.
The interaction effect of asphalt emulsion contents, aggregate type
and initial added moisture on the average values of Poisson's ratio is
illustrated in Figure 5.9. Mixtures containing 4% asphalt residue had
larger Poisson's ratio values than mixtures containing 3.25% asphalt
residue for the same aggregate type and initial added moisture. Also,
in most combinations, high values of Poisson's ratio were obtained for
mixtures containing 3% initial added moisture rather than 1.5 or 4.5%.
In addition, limestone mixtures gave average values of Poisson's ratio
smaller than sand and gravel mixtures for all combinations.
5.4.3 Unit Weight at Time of Compaction
The unit weight of the asphalt emulsion mixture at time of compac-
tion is a measure of compatabi lity of the mixture. It represents the
unit weight of the pavement mixture during the field construction. The
greater the unit weight during construction, the better the pavement
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compaction by traffic which has the effect of reducing rutting or exces-
sive permanent deformation of the pavement. On the other hand, a cer-
tain amount of air voids in the mixture is needed to increase the curing
rate and to improve the drainage in the pavement.
In this study, the wet unit weight of the mixture at time of com-
paction varied from 2280 to 2483 kg/m (142.3 and 154.9 pcf respective-
ly. It was Largely affected by the asphalt emulsion content in the mix-
ture. Increasing the asphalt emulsion content increases the lubrication
between aggregate particles and allows more compaction to occur to the
mixture, which in turn increases the unit weight. At the same time, in-
creasing the asphalt emulsion content to a point allows more voids to be
filled with asphalt which increases the unit weight as well. The aver-
age unit weight of the mixture at time of compaction increased from 2346
to 2386 kg/m (146.4 and 148.9 pcf) when the asphalt residue increased
from 3.25 to 4 as percents of the dry weight of aggregate respectively.
The value of the unit weight at time of compaction was significant-
ly influenced by the interaction effect of asphalt emulsion content, ag-
gregate type and aggregate gradation. The effect of these variables on
the unit weight at time of compaction is depicted in Figure 5.10.
Coarse graded mixtures gave an average unit weight lower than medium
graded mixtures for the same aggregated type and asphalt emulsion con-
tent. It infers that medium graded aggregate would give relatively
dense asphalt emulsion mixes compared to coarse graded aggregate. The
maximum average unit weight at the time of compaction was obtained using
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5.4.4 Unit Weight at Time of Testing
The wet unit weight of the specimens at time of testing (after cur-
ing), including the moisture portion, ranged from 2275 to 2457 kg/m"
(142.0 and 153.3 pcf). It was significantly affected by the asphalt
emulsion content, aggregate gradation and curing. Asphalt emulsion con-
tent affected the wet unit weight at the time of testing in the same
manner as it did for the unit weight at time of compaction. The average
value of the wet unit weight at time of testing increased from 2364 to
2388 kg/m (147.5 and 149.0 pcf) when the asphalt residue content in-
creased from 3.25 to 4% of the dry weight of aggregate respectively.
Moreover, medium graded aggregate resulted in a more dense mixture and a
higher wet unit weight than coarse graded aggregate. In addition, cui
—
ing allowed water to leave the mixture which resulted in decreasing the
wet unit weight.
The interaction of curing, aggregate gradation and aggregate type
had a marked affect on the wet unit weight at test time (Figure 5.11).
The average wet unit weight decreased gradually from one-day air curing
to three-day air and oven curings for the same aggregate type and grada-
tion. Also, medium graded limestone mixtures produced higher wet unit
weights than medium graded sand and gravel mixtures for the same curing
level. However, coarse graded sand and gravel mixtures gave higher wet
unit weights than coarse graded limestone mixtures. In addition, for
the same curing level, medium graded limestone mixtures produced higher
wet unit weights than coarse graded limestone mixtures. Opposite trends
were obtained for sand and gravel mixtures. As a result, in order to





















of aggregate type and gradation as weLL as the curing time should be
taken into consideration.
The interaction effect of percent initial added moisture, aggregate
type and aggregate gradation on the wet unit weight of the specimen was
also significant. The maximum average wet unit weight was obtained for
the medium graded limestone mixes with 4.5% initial added moisture,
while the minimum average wet unit weight was obtained for the coarse
graded limestone mixes with an initial added moisture of 1.5%.
The dry unit weight of the asphalt emulsion mixes, excluding the
moisture portion, varied between 2252 kg/m (140.5 pcf) and 2426 kg/m
(151.4 pcf). Similar to the wet unit weight, the dry unit weight was
mainly affected by the asphalt emulsion content and aggregate gradation.
When the asphalt residue content increased from 3.25 to 4% of the dry
weight of aggregate, the dry unit weight increased from an average of
2342 to 2361 kg/m (146.1 and 147.3 pcf respectively). Also, the medium
graded mixtures contained lower air voids and consequently provided
higher dry unit weights than the coarse graded mixtures.
The dry unit weight was significantly affected by the interaction
of asphalt emulsion content, aggregate type and aggregate gradation as
illustrated in Figure 5.12. Higher dry unit weights were obtained using
medium graded limestone mixtures with 4% asphalt residue content.
Coarse graded limestone mixtures with 3.25% asphalt residue produced
lower dry unit weights. It was found also that curing did not have much
of an effect on the dry unit weight of the mixture. Regardless of the
amount of moisture that leaves the specimen during curing, the oven
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weight. In addition, the dry unit weight of the mixture was directly
correlated to the wet unit weight. The coefficient of correlation
between the two parameters was 0.92 for all cases considered in the
study.
5.4.5 Moisture Retained at Time of Testing
The moisture included in the asphalt emulsion mixture comes from
the water added during the initial mixture preparation as well as the
moisture included in the asphalt emulsion itself. The moisture portion
is very important in the preparation of the cold-mixed asphalt emulsion
mixture because it increases the workability of the mix and provides a
uniform coating of asphalt residue on the aggregate particles. However,
a large amount of moisture has an adverse effect on the mixture and
reduces the strength. During the curing process, the water evaporates
leaving the asphalt residue adhering to the aggregate. The rate of
strength development of the asphalt emulsion mixture is directly related
to the rate of moisture loss from the mixture. The study of the amount
of moisture retained in the mixture at different curing stages and for
different mix components is very important for the asphalt emulsion mix-
ture characterization.
The percent moisture retained in the specimens at time of testing
varied from 0.25 to 2.24% of the dry weight of aggregate with an average
of 1.08% for all specimens in the study. It was highly affected by cur-
ing level. The average percent moisture retained at time of testing for
the different curing levels is shown below
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Curing %Retained Moisture
1-day air curing, 22°C (72°F) 1.56
3-day air curing, 22°C (72°F) 1.23
3-day oven curing, 49°C (120°F) 0.60
The percent retained moisture was markedly reduced when oven curing was
compared to 1-day and 3-day air curings. This means that oven curing,
which represents the Long-term curing process in the field, has a major
effect on the reduction of the amount of moisture and consequently on
the increase in the strength of the mixture. A few specimens were cured
in the oven for more than 3 days at a temperature of 49° C (120°F) to
check the amount of moisture loss. It was found that the amount of
moisture lost due to the additional curing in the oven was not signifi-
cant.
In addition to curing, the initial added moisture had an effect on
the amount of moisture retained at the time of testing. The average
moisture contents at test time were 0.99, 1.10 and 1.13% for initial ad-
ded moistures of 1.5, 3.0 and 4.5% respectively. Moreover, the asphalt
emulsion content affected the moisture retained at time of testing.
Mixtures with high asphalt emulsion contents have low air void contents
which result in the reduction of moisture lost from the specimen. Also,
increasing the asphalt emulsion content increases the initial water con-
tent in the mixture because of the water included in the asphalt emul-
sion itself. Therefore, the average amount of retained moisture in-
creased from 0.97 to 1.18% when the asphalt residue content increased
from 3.25 to 4% by the dry weight of aggregate.
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The moisture retained at the time of test was markeaLy affected by
the interaction of curing and asphalt emulsion content as demonstrated
in Figure 5.13. The rate of moisture lost from the mixture was larger
in the case of oven curing when compared to air curing. Also, for the
oven curing condition, the amount of moisture in the compacted mixture
decreased largely at the beginning of the curing period, after which the
moisture lost from the mixture was not significant. However, for the
air curing condition, the reduction in the moisture content was gradual.
Figure 5.13 shows also that decreasing the asphalt emulsion content in-
creases the rate of moisture lost from the mixture. This effect was
large in the case of oven curing when compared to air curing. In other
words, increasing the air voids in the mixture increases the effect of
oven curing more than air curing.
The ANOVA tests showed also that the interaction of initial added
moisture content and curing had a significant effect on the percent re-
tained moisture at testing time. The affect of these factors is illus-
trated in Figure 5.14. Statistical analysis indicated that the initial
added moisture had a significant effect on the retained moisture at
one-day air curing. However, for a larger curing time and/or higher
temperature, the moisture retained in the mix was not affected by chang-
ing the initial added moisture.
5.4.6 Total Liquid at Time of Testing
The total liquid at the time of testing is one of the characteris-
tics used frequently in the evaluation of asphalt emulsion mixes. The
liquid content in the mixture is the sum of the asphalt emulsion residue
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total Liquid at time of testing for all specimens ranged between 3.50
and 6.19 as percents of the aggregate dry weight. The average total
liquid at testing time was 4.70% for all mixtures included in the study.
The total liquid in the mixture at time of testing was mainly af-
fected by the same factors which affected the amount of retained mois-
ture. It was largely affected by asphalt emulsion content, percent ini-
tial added moisture and curing time. It increased from an average of
4.22% to 5.18% when the asphalt residue content increased from 3.25 to
4% respectively. It was found also that increasing the initial water
content in the mixture increased the amount of total liquid after cui
—
ing. When the initial added moisture values were 1.5, 3, and 4.5% of
the dry weight of aggregate, the average total liquid values were 4.62,
4.73, and 4.76% respectively. In addition, increasing curing time
and/or temperature allowed more moisture to evaporate and consequently
decreased the amount of total liquid in the mixture. Average values of
total liquid were 5.19, 4.86, and 4.22% for curing levels of 1-day air
curing, 3-day air curing and 3-day oven curing respectively.
The interaction effect of asphalt emulsion content, initial added
moisture and curing on the percent total liquid in the mixture at time
of testing is shown in Figure 5.15. In general, the total liquid in the
mixture decreased by increasing the curing, decreasing the initial added
moisture and decreasing the asphalt emulsion content. The effects of
the asphalt emulsion content in the mixture, represented by the slopes
of the lines in the graphs, were almost the same for the different cui
ing levels and initial added moistures. However, the effect of initial




































































































apparent at 1-day air curing compared to 3-day air and oven curings.
5.4.7 Voids at Time of Testing
a. Ai r Voids
The amount of air voids in the asphalt emulsion bases is an in-
fluential factor which affects the curing rate of the mixture and im-
proves the drainage in the pavement. On the other hand, increasing the
air voids increases the excessive permanent deformation that could be
caused by traffic (or rutting). In addition, high amount of air voids
increases the moistures absorption in the asphalt emulsion mixes which
increases the potential of stripping or weakening the bond between as-
phalt and aggregate. An optimum amount of voids is needed to obtain an
efficient performance of the mixture in the field.
In this study the air voids were calculated on the bases of the ap-
parent specific gravity of the aggregate and assuming no asphalt was ab-
sorbed into the aggregate. The average air voids for all specimens in
the study was 6.14% of the total volume, with a maximum value of 11.12%
and a minimum of 2.18%. This wide range of percent air voids at time of
testing occurred because of the large effect of asphalt emulsion con-
tent, curing, aggregate type and aggregate gradation.
Increasing the asphalt emulsion content reduced the air voids in
the mix. The average air void was 7.30% when the asphalt emulsion resi-
due was 3.25%, while it dropped to 4.98% when the asphalt emulsion resi-
due was 4% of the dry weight of aggregate. In addition to the asphalt
emulsion content, curing allowed moisture to evaporate which resulted in
increasing the air voids. The average values of air voids in the mix-
ture were 4.97, 5.87, and 7.19% for one-day air curing, three-day air
128
curing and three-day oven curing respectively.
Limestone mixtures gave a Larger amount of air voids than sand and
gravel mixtures. The average air voids was 6.61% in case of limestone
mixes while it was 5.67% in case of sand and gravel mixes. In addition
to aggregate type, aggregate gradation affected the amount of air voids
in the mixture. Medium aggregate gradation gave a smaller percent air
voids in the mixture than the coarse aggregate gradation. On the aver-
age, medium graded aggregate mixtures gave an air voids percent of 5.95,
while coarse graded mixtures gave a percent of 6.33.
The interaction of asphalt emulsion content, curing, initial added
moisture and aggregate type had a large effect on percent of air voids
in the mixture. Figure 5.16 shows the different percent air voids
values for various combinations of these factors. For all the
corresponding factor combinations, 3.25% asphalt emulsion residue con-
tent produced higher air voids than 4% residue. Also, 3-day oven curing
gave large amounts of air voids than 3-day air curing, while 1-day air
cured mixtures gave the smallest air voids for the same levels of other
factors. Moreover, limestone mixtures gave higher air voids percents
than sand and gravel mixtures for almost all combinations of factors.
The percent air voids in the asphalt emulsion mixture was closely
related to the percent total liquid at time of testing. For sand and
gravel mixtures, the correlation coefficient between the two parameters
was -0.91, while it was -0.80 for limestone mixtures. The relationship
between the air voids and total liquid for both sand and gravel mixtures
and limestone mixtures are shown in Figures 5.17 and 5.18 respectively.
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figures. In addition to the total Liquid, the percent air voids was
directly correlated to the wet unit weight of the mixtures at time of
testing. The correlation coefficient between the two variables was
-0.85 for all mixtures tested in the study,
b. Total Voids
The total voids are the sum of air voids and voids filled with
moisture in the compacted asphalt emulsion mixture. If the mixture is
cured for a long period of time, almost all the amount of moisture eva-
porates and the percent air voids approaches the percent total voids.
The total voids affect the density, the amount of water that may be ab-
sorbed into the mix, and the potential for permanent deformation or rut-
ting of the mixtures.
The average total voids for the different mixtures in the study was
8.58% of the total volume. The maximum value of total voids for indivi-
dual specimens was 13.81% and the minimum value was 5.57% of the total
volume. The percent total voids was markedly affected by asphalt emul-
sion content, aggregate type and aggregate gradation. Increasing the
asphalt emulsion content decreased the total voids percent. Also, sand
and gravel mixtures gave a smaller total voids than limestone mixtures.
In addition, for sand and gravel mixtures, the medium gradation gave
larger percents of total voids than the coarse gradation, while for
limestone mixtures the opposite was true. The percents of total voids
at time of testing for the different asphalt emulsion contents, aggre-
gate types and aggregate gradations are presented in Table 5.3.
The value of the total voids at testing time was not affected by
curing because curing reduces the amount of water in the mixture but the
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Table 5.3 Percents of Total Voids at Time of Testing for
Different Asphalt Emulsion Contents,
Aggregate Types and Aggregate Gradations

















amount of total voids remains the same. In addition, it was found that
the total voids were highly correlated to the air voids. The correla-
tion coefficient of two parameters was 0.82 for all the cases considered
in the study,
c . Voids in the Mineral Aggregate (VMA_)
The voids in the mineral aggregate, VMA, are the intergranular void
spaces between the aggregate particles in the compacted asphalt emulsion
mixes. They include air voids, asphalt residue and moisture retained in
the mixture expressed as a percent of the total volume. The VMA is a
measure of the mixture components which is frequently used for asphalt
mixture characterization.
The VMA of the individual specimens in the study ranged from 14.27%
to 20.42% of the total volume of the mixture. The average VMA for all
specimens was 16.70%. It was mainly affected by the interaction of ag-
gregate type and gradation. The average values of % VMA for the dif-
ferent combinations of aggregate types and aggregate gradations are
shown in Table 5.4.
Table 5.4 Average % VMA for Different Aggregate
Types and Gradations
Aggregate Type Medium Coarse
Sand and gravel 16.33 16.12
Limestone 16.81 17.55
The average % VMA was higher for limestone mixtures than for sand and
gravel mixtures. Also, for sand and gravel mixtures, the medium grada-
tion gave higher average % VMA value than the coarse gradation. Howev-
135
er, for Limestone mixtures, the coarse gradation produced higher average
values than the medium gradation.
S..5, Water Sensitivity Test
The effect of water on the performance of the asphalt emulsion
treated bases was evaluated using a modification of the Asphalt Insti-
tute water sensitivity test (5). This test was found to be important
for the evaluation of the sensitivity of the asphalt emulsion mixes to
water (27). The test allows specimens to absorb a reasonable amount cf
water when compared to the normal field conditions and thus does not
severely affect the specimen. The relatively low resistance of the mix-
ture to water damage during the early curing stages due to the lack of
bond between the mix components and the slow developments of strength
(53) are thereby taken into consideration.
In this test, specimens were weighed after they have been cured for
the required amount of time. Specimen were placed in a vacuum chamber
(Figure 4.19) and were subjected to a vacuum of 30 mm Hg for one hour.
At the end of this period, 22° C (72° F) water was slowly drawn by the va-
cuum into the bottom of the chamber until the specimens were submerged
at least a half inch below the surface. The vacuum was then released
and the specimens were transformed to a 22° C (72° F) water bath and left
to soak for 24 hours. The saturated surface dry weight of the specimens
were determined and the resilient modulus test was performed. One test
temperature of 24°C (72°F) was used in this experiment. After the resi-
lient modulus test was completed, specimens were broken apart and dried
in a forced draft oven for 24 hours at 110°C (230°F) then reweighed.
Measurements that were determined from the test were as follows:
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1. Instantaneous resilient Poisson's ratio of the vacuum saturated
specimens, which was determined in the same way as the dry specimens
(see Equation 5.2).
2. Instantaneous resilient modulus of the vacuum saturated specimens
using the same procedure as used for dry specimens (see Equation
5.3).
3. Moisture contents of the specimens before and after vacuum satura-
tion expressed as percents by weight of the dry aggregate.
4. Moisture absorption of the vacuum saturated specimens (moisture
pick-up) as a percent by weight of the dry aggregate; which is the
difference between percent moisture contents after and before vacuum
saturation.
5. Total liquid of the vacuum saturated specimens as a percent by
weight of the dry aggregate; which is the sum of percent asphalt
residue content and percent moisture content after vacuum satura-
tion.
Factors that were considered in the study were as follows (see
table 5.1):
1. Aggregate type, two types of aggregate were used; sand and gravel
mixture and limestone.
2. Asphalt emulsion residue content; 3.25 and 4% of the dry weight of
aggregate.
3. Curing; two levels of curing were considered which were 1-day air
curing and 3-day oven curing at 49 C (120 F)
.
One aggregate gradation was used which was the medium gradation, MG
(Figure 3.1). 3% initial moisture were added to all mixtures by weight
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of the dry aggregate. Three replicates for the different factor combi-
nations were tested. A comparative study was performed between vacuum
saturated specimens and the corresponding specimens tested in the dry
condition.
Studying the effect of the different factors considered in the in-
vestigation, it was found that asphalt emulsion content and curing had
marked effects on the resilient characteristics of the vacuum saturated
specimens. The average M_ values of dry and vacuum saturated specimens
for the different asphalt emulsion contents and curing levels are shown
in Figure 5.19. In most cases, dry specimens gave average MD values
larger than vacuum saturated specimens. Mixtures contained 3.25% as-
phalt residue were affected by vacuum saturation more than mixtures con-
tained 4% asphalt residue. The reason for this effect could be due to
the relatively large amount of air voids in case of 3.25% asphalt resi-
due content, and consequently the large amount of moisture absorbed by
the mixture during vacuum saturation. It was found also that the air
cured specimens were affected by vacuum saturation more than oven cured
specimens. However, the difference in behavior between dry and vacuum
saturated specimens was not large in general.
The instantaneous resilient Poisson's ratio values of vacuum sa-
turated specimens were higher than Poisson's ratio values of the
corresponding dry specimens at one-day air curing. At three-day oven
curing, however, the opposite was true. The reason for this effect is
that one-day air cured specimens were not firm enough so that vacuum sa-


















































































































In general, the resilient characteristics of the asphalt emulsion
mixtures evaluated in this study were not severely affected by vacuum
saturation. The reason could be due to the use of dense graded mixture
which had a small amount of voids and consequently small potential of
moisture absorption. The amount of moisture absorbed by the mixture
during vacuum saturation did not exceed 2.5% by weight of dry aggregate
for any mixture included in the study. The moisture absorption during
vacuum saturation took the same trend as the specimens used in the in-
direct tensile test study. The average values of moisture absorption
for the different mixtures are shown in Table 5.5.
Table 5.5 Average Percents of Moisture Absorption During
Vacuum Saturation for the Different
Asphalt Emulsion Mixtures
Aggregate Type Sand S Gravel Limestone
AE Radius 3.25% 4% 3.25% 4%
1-day air curing 1.705 0.876 1.735 0.880
3-day oven curing 1.660 0.945 1.894 1.369
The moisture absorbed during vacuum saturation by mixtures contain-
ing 3.25% AE residue was larger than moisture absorbed by mixtures con-
taining 4% AE residue. Also, oven cured specimens absorbed more mois-
ture during saturation in most cases than air cured specimens. In addi-
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tion, Limestone mixtures absorbed more moisture than sand and gravel
mixtures due to the Large amount of voids in the Limestone mixtures.
The moisture absorption, in general, was related to the amount of air
voids in the mixture. The correlation coefficient between percent mois-
ture absorption and percent air voids was 0.80 for the 24 vacuum sa-
turated specimens used in this part of the study.
The percent total Liquid after vacuum saturation, was affected by
both curing condition and asphalt emulsion content as shown in Table
5.6.
Table 5.6 Average Percents of Total Liquid of Vacuum
Saturated Specimens for the Different
Asphalt Emulsion Mixtures
Aggregate Type Sand S Gravel Limestone
AE Radius 3.25% 4% 3.25% 4%
1-day air curing 6.397 6.450 6.270 6.417
3-day oven curing 5.437 5.813 5.783 6.285
High values of total liquid were obtained at one-day air curing compared
to 3-day oven curing. Also, mixtures containing 4% asphalt residue had
higher values of total liquid than mixtures containing 3.25% asphalt
residues. In addition, the amount of total Liquid for vacuum saturated
specimens was larger than the amount of total liquid for the correspond-
141
ing dry specimens.
The correlation between the amount of total liquid and the M value
R
of the mixture was investigated. However, the data were not well corre-
lated for either the dry or the wet conditions because of the large num-
ber of factors involved in the study.
5^.6^ Relationship Between Resi lient Modulus Test
Results and Indirect Tensi le Test Results
The relationship between the resilient modulus test results and the
indirect tensile test results was investigated in this section. The as-
phalt emulsion mixture properties for the similar factor combinations
which were considered in both tests were compared. These factors were
as follows:
1. Aggregate type; sand and gravel mixture and limestone mixture.
2. Asphalt emulsion residue content; 3.25 and 4% by weight of the dry
aggregate.
3. Initial added moisture; 3 and 4.5% by weight of the dry aggregate.
4. Curing; 1-day air curing and 3-day oven curing.
5. Test temperature; 10, 24 and 38° C (50, 75 and 100°F).
One aggregate gradation was considered which was the medium grada-
tion, MG (Figure 3.1). The combinations of 1-day air curing and 38°
C
(100°F) test temperature together with other factors were not considered
because no data were available from the resilient modulus test at these
conditions. Therefore, 40 cases representing all other factor combina-
tions were evaluated. For every case, the average values of the three
replicates in one test were plotted versus the corresponding average
values from the other test.
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Regression equations and correlations between the different values
were investigated. The indirect tensile test results, such as the in-
direct tensile strength and stiffness values, were considered as in-
dependent variables in the regression equations since they were more re-
liable than the resilient modulus values. According to these regression
analysis, it was assumed that the independent variables had no errors
and that the errors in the dependent variable were normally and indepen-
dently distributed with a zero mean and a constant variance.
The instantaneous resilient modulus values and the corresponding
indirect tensile strength values are plotted in Figure 5.20. A correla-
tion coefficient of 0.915 was obtained between the two variables. A
linear regression equation was fitted using the available data with an
R value of 0.836 as shown below
MD = 301 + 1.35 a TTK IT
where
M = Instantaneous resilient modulus, MPa
.
K
o = Indirect tensile strength, kPa.
Meanwhile, the correlation coefficient between the instantaneous
resilient modulus values and the corresponding indirect tensile stiff-
ness values was 0.790. The relationship between the two parameters is
shown in Figure 5.21. A non-linear regression equation, with an R









































































































































M = Instantaneous resilient modulus, MPa.
E = Indirect tensile stiffness, MPa.
It is obvious that there is a good correlation between the instan-
taneous resilient modulus values and the indirect tensile test results.
Since the indirect tensile test is easier to perform and has less varia-
bility in results than the resilient modulus test, the previous equa-
tions can be used to predict the M
R
value from the indirect tensile
strength or stiffness values. These regression equations, however, are
valid for the SI units only and should be used within or close to the
range of values obtained in this study.
5_.J_ Summary of Resi lient Modulus Test Results
The resilient characteristics and other properties of the asphalt
Ision mixes were investigated in this part of the study. The di-
etral resilient modulus test was performed on mixtures for several mix
components and environmental conditions. The different variables which
were considered were: two aggregate types and gradations, two asphalt
emulsion contents, three initial added moisture contents and three cur-
ing conditions. One asphalt emulsion type and grade was used. The test
was performed at three different temperatures. A summary of the resi-
lient modulus test results and other properties of the asphalt emulsion
ixtures is presented in Table 5.7 and Appendix D. Based on the results
obtained in this study, the following conclusions were determined:





TabLe 5.7 Summary of the Resilient Modulus Test Results
and Other AEM Properties
Measurements Range Important Factors
MR 212-1157 MPa (30.7-167.8 ksi) T, C, AG
v 0.1-0.45 (approximately) T, C, AE, AG, W
CM 2280-2483 kg/m3 (142.3-154.9 pcf) AE, GR, AG
Y 2275-2457 kg/m
3 (142.0-153.3 pcf) AE, C, GR, AG
2252-2426 kg/m3 (140.5-151.4 pcf) AE, GR, AG
w
Yd
%WC 0.25 - 2.24% C, W, AE
%TL 3.50 - 6.19% AE, C, W
%V 2.18 - 11.12% AE, C, GR, AG
%V
T
5.57 - 13.81% AE, GR, AG
%VMA 14.27 - 20.42% GR, AG
147
fected the resilient characteristics of the asphalt emulsion mix-
ture. Increasing the test temperature reduced the instantaneous
resilient modulus (M ) values and increased the instantaneous resi-
lient Poisson's ratio values. Reasonable and relatively consistent
resilient modulus test results were obtained at low and intermediate
temperatures. At 38°C (100°F) test temperature, however, the test
was difficult to perform because of the large deformations and the
frequent occurrence of cracks.
2. Aggregate type affected the resilient characteristics, unit weights
and amount of voids in the mixture. Large MD values and small in-
stantaneous resilient Poisson's ratio values were obtained using
limestone mixtures compared to sand and gravel mixtures. In addi-
tion, limestone mixtures provided a larger amount of voids than sand
and gravel mixtures.
3. Aggregate gradation affected the unit weights and percent voids in
the mixture. Medium graded mixtures provided high unit weights and
small percent air voids compared to coarse graded moistures. The
interaction of aggregate type and aggregate gradation proved to have
a significant effect on the unit weights and amount of voids in the
asphalt emulsion mixture.
4. Increasing the asphalt emulsion residue content from 3.25 to 4% by
weight of the dry aggregate increased the values of the instantane-
ous resilient Poisson's Ratio and the unit weight of the mixture.
It also increased the amount of retained moisture and the total
liquid in the mixture. Both air voids and total voids were de-
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creased by increasing the asphalt emuLsion content.
5. Curing had a Large affect in developing the strength of the asphalt
emulsion mixture. Increasing the curing time and/or temperature in-
creased the M values and decreased the instantaneous resilient
Poisson's ratio values. Curing also decreased the wet unit weight
and the retained moisture and increased the air voids in the mix-
ture.
6. The initial added moisture content affected the value of the instan-
taneous resilient Poisson's ratio. High values of Poisson's ratio
were obtained for mixtures contained 3% initial added moisture. The
amount of initial added moisture affected the values of retained
moisture and total liquid in the mixture for 1-day air curing condi-
tion. The effect of initial added moisture content was not signifi-
cant at 3-day air or oven curings.
7. Vacuum saturation reduced the M_ values of the asphalt emulsion mix-
tures and changed the instantaneous resilient Poisson's ratio espe-
cially for mixtures contained 3.25% asphalt residue and air cured
mixtures. However, the effect of vacuum saturation on the resilient
characteristics of the mixture was not serious. The amount of mois-
ture absorbed during vacuum saturation did not exceed 2.5% by weight
of dry aggregate. Moisture absorption was directly related to the
amount of air voids in the mixture.
8. High correlations were obtained between the resilient modulus test
results and the indirect tensile test results. Regression equations
were fitted between the M
R
values and the corresponding indirect





Since the state of Indiana makes use of the Hveem test in the
design of asphalt mixtures, it was decided that the asphalt emulsion
mixture should be further characterized using the Hveem procedure. The
traditional Hveem stability test can not be used for cold mixed asphalt
emulsion mixture especially at early ages due to the softness of the
mixture. A common procedure used to characterize the asphalt emulsion
mixture by means of the Hveem stabilometer is to determine the resis-
tance R-value and a modified Hveen stability at room temperature
(35,60). The resistance R-value test has been standardized by ASTM
Designation D2844 (AASHTO Designation T190), Resistance R-value and Ex-
pansion Pressure of Compacted Soils, which is used for both treated and
untreated soils or aggregates. The R-value is used in the design cri-
teria for stabilized base materials. The conventional Hveem stability
test is standardized by ASTM Designation D1560 (AASHTO Dsignation T246),
Resistance to Deformation and Cohesion of Bituminous Mixtures by Means
of Hveem Apparatus.
In this study, both resistance R-value and the modified stability
S-value were determined for the asphalt emulsion mixes at room tempera-
ture. The relationships between the different mixture components and R
and S values were determined for early and long-term curing conditions.
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The correlation between R and S values was also investigated.
6.2_ Design of Experiment
The objective of the study was to determine the effect of various
asphalt emulsion mixture components and curing conditions would have on
the Hveem test results. The measured response variables as well as the
different independent variables are discussed below.
6.2.1 Response Variables
1. Hveem resistance (R-value), as determined using the Hveem stabilome-
ter at room temperature C22°C (72°F)3 (see Equation 6.1).
2. Modified Hveem stability (S-value), as determined also using the
Hveem stabilometer at room temperature C22°C (72°F)D (see Equation
6.2).
Both R and S values were determined from the same specimen. The
test procedure will be discussed later in this chapter.
6.2.2 Independent Variables (Factors)
The independent variables which were considered in this study are
as follows (Table 6.1):
1. Aggregate type, AG; both sand and gravel and crushed limestone were
used.
2. Asphalt emulsion residue content, AE; two levels were used which
were 3.25 and 4% by weight of the dry aggregate.
3. Curing, C; both one-day air curing at room temperature and three-day
oven curing at 49°C (120°F) were investigated. They represented the
initial and long-term curings in the field respectively.
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Aggregate gradation : MG
Initial added moisture = 3%
Test Temperature = 22 C (72 F)
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One aggregate gradation was used in this study which followed the
medium gradation, MG (Figure 3.1). 3% moisture was initially added to
all mixtures by weight of the dry aggregate. The tests were conducted




The statistical evaluation which was used in this experiment fol-
lowed the following model:
y...„ = y + R. + 6... + AG. + R • AG.,ijla i (i) j i]





y... = measured response variable (R or S values)
ijkji
u = overall mean
R. = effect of replicate
AG. = effect of aggregate type
AE. = effect of asphalt emulsion residue content
C = effect of curing
6 and w,.... = restrictions on randomization (2)
(i) (i]k)
epsiton ...... = experimental error
All main effects were fixed except R was random. The subscripts
assumed values:
i = 1, 2, 3
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j, k, i = 1/ 2
This model followed the split plot design (2). According to this
model, three replicates for each factor combination were tested. One
replicate (R) for all combinations was performed first. The second re-
plicate was performed next then the third replicate. For each repli-
cate, tests were performed on specimens having a certain curing level
(C) before considering other curing levels. Within every curing level,
tests were completely randomized for the different aggregate types (AG)
and asphalt emulsion contents (AE). All factors and interations were
tested versus their interactions with the replicate R. This method of
design allows tests for all factors and interactions despite the res-
trictions on randomization. A level of significance of 5% was used for
the different tests. A total of 24 specimens were tested in this part
of the study representing all the factors' combinations. A typical ANO-
VA table of the resistance R-value is presented in Appendix B.
6_.3_ Experimental Procedure
After the specimens had been cured for the requied amount of time
and the unit weight determined as discussed before (Chapter 3), they
were tested in the Hveem stabilometer (Figure 6.1). The test followed
the standard methods given by ASTM Designation D1560 and D2844 with some
modifications (13,35). Two variables were obtained, namely, the Hveem
resistance (R-value) and the modified Hveem stability (S-value) . Ac-
cording to Tia (60), the value D_ which is the displacement value used
in the calculation of both R and S values (Equations 6.1 and 6.2) does
not change at repeated testing. The value of D_ is a function mainly of
the surface texture of the specimen. Thus, both R and S values were ob-
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FIGURE 6.1, HVEEM STABILOMETER AND TESTIN
MACHINE
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tained for the same specimen in one test. The vertical Load applied to
the specimen was increased up to 22.25 kN (5000 Lb.) only and not 26.70
kN (6000 lb.) as specified by ASTM standards in order to reduce the ex-
cessive deformation to the specimen. Also, the test was performed at
room temperature and not at 60°C (140°F) required by ASTM method. The
following is a brief description of the experimental procedures followed
in this study.
1. Calibrate the displacement of the stabilometer according to ASTM
standards.
2. Transfer the specimen to the stabilometer.
3. Place the follower on top of the specimen and crank the pump to give
a horizontal pressure of 34.5 kPa (5 psi).
4. Apply the vertical load with a rate of loading of 1.3 mm (0.05 in.)
per minute, and record the stabilometer gauge readings at test loads
of 2.22 kN, 4.45 kN and each 4.45 kN thereafter up to a maximum of
22.25 kN (500, 1000, 2000, 3000, 4000 and 5000 lb.). These load
values correspond to vertical pressures of 276, 552, 1103, 1655,
2206 and 2758 kPa (40, 80, 160, 240, 320 and 400 psi) respectively.
5. Stop the vertical load and determine the displacement D-, value ac-
cording to ASTM standards.
6_.4^ Analysis of Results
6.4.1 Hveem Resistance (R-Value)
The Hveem resistance (R-value) is an empirical number which meas-
ures the deformation of the specimen as a function of the transmitted
lateral pressure to that of the applied vertical pressure. It is calcu-
lated using the following equation.
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R = Hveem resistance value
P = Applied vertical pressure, 1.10 MPa (160 psi)
P. = Horizontal pressure at P = 1.10 MPa (160 psi)
h v
D = Displacement of the stabilometer fluid necessary to increase
the horizontal pressure from 34.5 to 689 kPa (5 to 100 psi)
The calculated Resistance R-value was corrected to a specimen
height of 64 mm (2.5 in.) according to ASTM standards. The average of
the corrected R values determined for the asphalt emulsion mixtures in
this study was 84.45 with a maximum of 89.90 and a minimum of 71.87 for
all specimens. The lowest R-value obtained for a certain combination of
factors as an average of 3 replicate specimens was 76.7. This value was
obtained using the sand and gravel mixture with 3.25% asphalt emulsion
residue content at one-day air curing. According to the design criteria
recommended by Chevron (13), the minimum R-value for dense graded ini-
tially cured asphalt emulsion mixtures used for base coarses is 70.
Furthermore, the criteria requires a minimum R-value of 78 for final-
cured water soaked specimens. Although no water soaking test was per-
formed in this part of the study, the asphalt emulsion mixtures used in
this study surpassed the minimum R-value for the initial curing condi-
tion.
The AN0VA results indicated that the aggregate type was the most
important factor that affected the resistance R-value. Limestone pro-
vided a more stable mixture than sand and gravel. The average R-value
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for all sand and gravel mixtures in the study was 30.94 as compared to
87.96 for Limestone mixtures.
The effect of asphalt emulsion content, aggregate type and curing
on the R-value is shown in Figure 6.2. In all cases larger R-values
were obtained for limestone mixtures when compared to sand and gravel
mixtures for the same curing level and asphalt emulsion content.
Meanwhile, for most cases, mixtures containing 3.25% asphalt residue
displayd higher R values than mixtures containing 4% asphalt emulsion
residue for the same aggregate type and curing level. Also, generally,
increasing curing time and temperature increased the R value of the mix-
tures.
6.4.2 Modified Hveem Stability (S-value)
The Hveem stability (S-value) is a measure of the stability of the
mixture. The modified S-value for the asphalt emulsion mixes was detei
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S = modified Hveem stability value
P = Applied vertical pressure, 2.76 MPa (400 psi)
P. = Horizontal pressure at P = 2.76 MPa (400 psi)
h v
D_ = Displacement of the stabilometer fluid necessary to increase
the horizontal pressure from 34.5 to 689 kPa (5 to 100 psi)
The calculated S values were corrected to a specimen height of 64
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tained for the asphalt emulsion mixtures ranged between 17. 45 to 42.00
for all specimens tested in the study with an average of 31.23.
The statistical ANOVA tests showed that the modified S value was
largely affected by the type of aggregate. Sand and gravel mixture gave
an average S value of 25.47, while limestone mixtures gave an average
value of 36.99. The effect of the asphalt emulsion content and curing
on the S value was not significant. However, the interaction of the as-
phalt emulsion content, aggregate type and curing was found to have a
significant effect on the value of S. The average S values for the dif-
ferent factor combinations are depicted in Figure 6.3.
In most cases, the different factors had the same effect on R and S
values. In addition, R and S values were very well correlated. The
correlation coefficient was 0.928 for the 24 cases of R and S values.
The relationship between R and S values is shown in Figure 6.4.
A correlation analysis was performed between the Hveem test results
and the corresponding results of both the indirect tensile test and the
resilient modulus test. In this analysis, the averages of the three re-
plicates in each cell were considered. A correlation coefficient of
0.805 was found between Hveem resistant R-values and the corresponding
indirect tensile strength values. Also, it was found that the correla-
tion coefficient between the modified Hveem S-values and the correspond-
ing indirect tensile strength values was 0.781. The Hveem test results
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6_. 5^ Summary of Hveem Test Results
The resistance R-value and the modified Hveem stability S-value
were determined for the asphalt emulsion mixture using the Hveem stabi-
lometer. Two aggregate types, asphalt emulsion contents and curing lev-
els were used in this part of the study. One aggregate gradation was
used and 3% initial moisture was added to this mixture. The test was
conducted at a room temperature of 22°C (72°F) . Both R and S values
were determined for the same specimens. A summary of the Hveem test ex-
perimental results is shown in Appendix E. The important findings of
this study are presented below:
1. Aggregate type was the most important factor that affected both R
and S values. Limestone mixtures provided larger R and S values
than sand and gravel mixtures for the same levels of other factors.
2. In most cases, increasing the asphalt emulsion content from 3.25 to
4% by weight of the dry aggregate decreased both R and S values
slightly. Curing proved to have a small effect on R and S values.
3. R and S values were affected by the different factors in the same
way. In addition, R and S values were well correlated. Also, a
reasonable correlation was found between the indirect tensile




In this study, a detailed Laboratory investigation was performed to
characterize the effects of different mix components and environmental,
conditions on the behavior of coLd mixed asphalt emulsion treated bases.
Che asphalt emulsion (ISHC Designation AE-150) was used throughout the
different phases of the study. Two aggregate types and gradations, two
asphalt emulsion contents and three initial added moisture contents were
evaluated. The asphalt emulsion mixture was characterized at three cui
—
ing conditions representing the initial, intermediate and long-term cur-
ing conditions in the field.
Marshall size specimens were fabricated following the mix prepara-
tion procedure developed by Gadallah (27). Specimens were compacted by
means of a fixed roller gyratory compaction machine at room temperature.
The indirect tensile (split tension) test and the diametral resilient
modulus test were performed at three temperatures of 10, 24 and 38°
C
(50, 75 and 100°F) en both dry and vacuum saturated specimens. The mix-
ture was further characterized using a modification of the Hveem test.
The test was conducted at a room temperature of 22°C (72° F) using the
Hveem stabilometer
.
The indirect tensile properties that were measured were the in-
direct tensile strength, Poisson's ratio, indirect tensile stiffness,
total tensile strain at failure and indirect tensile index. The instan-
164
taneous resilient modulus and the instantaneous resilient Poisson's ra-
tio were obtained from the resilient modulus test. The vacuum saturated
mixture properties were determined using a modification of the water
sensitivity test developed by the Asphalt Institute (5). The Hveem ap-
paratus was used to determine the Hveem resistance R-value and a modi-
fied Hveem stability S-value. Other asphalt emulsion mixture properties
were evaluated such as the unit weight, retained moisture content, total
liquid content and voids in the compacted mixture at time of testing.
The effects of the different factors considered in the study on the
various measured values were investigated. Correlation analyses between
the different asphalt emulsion mixture properties were examined. Ac-
cording to the observations and test data the following conclusions were
determined.
1. The asphalt emulsion coating en aggregate particles was affected by
the shape, surface roughness and mineralogical composition of the
aggregate. A better coating was obtained on limestone particles
compared to sand and gravel particles.
2. The asphalt emulsion mixture performance was sensitive to tempera-
ture. High test temperatures decreased the indirect tensile
strength, stiffness and index. The instantaneous resilient modulus
was also decreased while the Poisson's ratio values of the mixture
were increased.
3. The asphalt emulsion mixture specimens were easy to test at low and
intermediate temperatures. At high temperatures, however, hair
cracks developed early in the specimens before the test was com-
pleted for both indirect tensile test and resilient modulus test.
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The resilient modulus test was rather difficult to perform at high
temperatures due to the occurrence of these cracks. The assump-
tions of homogeneous, isotropic and linear elastic materials were
not totally met at high temperatures.
4. Limestone mixtures provided better tensile characteristics and
larger instantaneous resilient modulus values than sand and gravel
mixutures. The init weight of the mixtures as well as the percent
voids in the mixtures were changed according to the change in ag-
gregate type and other factor combinations.
5. Medium graded aggregate provided denser mixtures with higher unit
weights and lower air voids than coarse graded mixtures. High in-
direct tensile strength values were obtained for medium graded mix-
tures compared to coarse graded mixtures especially for limestone
mixtures. However, the effect of aggregate gradation on the resi-
lient characteristics of the asphalt emulsion mixtures were not
significant at 5% level of significance.
6. Mixtures containing 3.25% asphalt emulsion residue had higher in-
direct tensile stiffness and index and lower total tensile strain
at failure than mixtures containing 4% asphalt emulsion residue.
Meanwhile, increasing the asphalt emulsion content increased the
value of the instantaneous resilient Poisson's ratio and the unit
weight of the mixture. The amount of retained moisture was in-
creased and the voids were decreased for high asphalt emulsion con-
tents. In general, the optimum amount of asphalt emulsion content
depended upon the aggregate type and gradation as well as the ini-
166
tial added moisture content.
7. Increasing the initial added moisture decreased the indirect ten-
sile strength and increased the instantaneous resilient Poisson's
ratio. The effect of the initial added moisture on the amount of
retained moisture after curing was apparent at early curing stages.
However, longer curing times decreased the effect of initial added
moisture. A value of 2-4% initial added moisture by weight of dry
aggregate would provide the optimum aggregate coating and mixture
workability for the materials and method of preparation used in
this study.
8. Curing changed the properties of the asphalt emulsion mixtures. It
decreased the amount of moisture in the mixtures, especially the
oven curing. High indirect tensile strength and instantaneous
resilient modulus values were obtained for oven cured specimens.
Curing decreased both Poisson's ratio and the total tensile strain
at failure. The wet unit weight of the mixture was decreased and
the air voids were increased for long curing times or high curing
temperatures.
9. Vacuum saturation had some effect on the tensile properties and the
resilient characteristics of the asphalt emulsion mixes. The in-
direct tensile stiffness and index were reduced by vacuum satura-
tion for oven cured specimens. Also, vacuum saturation reduced the
instantaneous resilient modulus values of the mixture, especially
air cured specimens with 3.25% asphalt residue content. The effect
of vacuum saturation was related to the amount of moisture absorbed
into the mixture during vacuum saturation. In general, the affect
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of vacuum saturation on the asphalt emulsion mixtures properties
was not serious.
10. Moisture absorption during vacuum saturation was directly related
to the amount of air voids in the mixture. Moisture absorption was
high for oven cured specimens, limestone mixtures and mixes con-
tained 3.25% asphalt emulsion residue. However, the amount of
moisture absorbed by the different asphalt emulsion mixtures was
relatively small. It did not exceed 2.5% by weight of the dry ag-
gregate in any case.
11. Consistent results were obtained for the indirect tensile test com-
pared to the resilient modulus test. Moreover, the indirect ten-
sile test was easier to perform than the resilient modulus test.
Although the MTS electro-hydraulic testing machine was used in the
indirect tensile test, the test can be performed using the regular
Marshall machine after some modifications.
12. The asphalt emulsion mixtures were suitable to be tested using the
Hveem stabilometer at room temperature. Both R and S values ob-
tained from the test were largely affected by aggregate type.
Large R and S values were obtained for limestone mixtures as com-
pared to sand and gravel mixtures. Curing and asphalt emulsion
content had small effects on R and S values. In addition, R and S
values were very well correlated.
13. Reasonable correlations were found between the indirect tensile
test, resilient modulus test and Hveem test results. Regression
equations were developed between the instantaneous resilient




RECOMMENDATIONS FOR FURTHER RESEARCH
1. The study used one asphalt emulsion type and grade (ISHC Designation
AE-150). Other asphalt emulsion types and grades should be investi-
gated to determine the difference between anionic and cationic types
of emulsion as well as the different emulsion grades on the asphalt
emulsion mixture performance.
2. Correlations between the results obtained in this study and the
results obtained using Marshall equipment in previous studies per-
formed by Gadallah (27) and Saxton (49) should be examined.
3. Field data can be obtained to correlate the asphalt emulsion perfor-
mance in the field with the results of the different tests in the





1. Akazawa, T., Union of Testing and Research Laboratory for Materials
and Structures, No. 16, 1953.
2. Anderson, V. L. and McLean, R. A., "Design of Experiments - A Real-
istic Approach," Marcel Dekker, Inc., New York, 1974.
3. The Asphalt Institute, "Mix Design Methods for Asphalt Concrete and
Other Hot-Mix Types," (MS-2), 1974.
4. The Asphalt Institute, "Mix Design Methods for Liquid Asphalt Mix-
tures," an Advisory Supplement to MS-2, (MISC-74-2), February 1974.
5. The Asphalt Institute, "Water Sensitivity Test for Compacted Bi-
tuminous Mixtures," The Asphalt Institute Laboratory, June 1975.
6. Barksdale, R. D. and Hicks, R. G., "Material Characterization and
Layered Theory for Use in Fatigue Analysis," Highway Research
Board, Special Report No. 140, 1973.
7. Barksdale, R. D., "Compressive Stress Pulse Times in Flexible Pave-
ments for Use in Dynamic Testing," Highway Research Board, Record
No. 345, 1971, pp. 32-44.
8. Breen, J. J. and Stephens, J. E., "Split Cylinder Test Applied to
Bituminous Mixtures at Low Temperatures," American Society for
Testing and Materials, Vol. 1, No. 1, March 1966, pp. 66-76.
9. Burmister, D. M., "The Theory of Stress and Displacements in Lay-
ered Systems and Applications to the Design of Airport Runways,"
Highway Research Board, Proceedings, Vol. 23, 1943, pp. 126-144.
10. Button, J. W. and Mahoney, J. P., "Statistical Summary of Resilient
Modulus Measurements," Texas ASM University, Texas, July 1977.
11. Carniero, F. L. L. B. and Barcellus, A., Union of Testing and
Research Laboratory for Materials and Structures, No. 13, 1953.
12. Chevron Asphalt Company, "Bitumuls Base Treatment Manual," 1967.
170
13. Chevron Asphalt Company, "BitumuLs Mix Manual," 1977.
14. Coyne, L. D. and Ripple, R. M., "Emulsified Asphalt Mix Design and
Construction," Proceedings of the Association of the Asphalt Paving
Technologists, Vol. 44, 1975, pp. 281-365.
15. Coyne, L. D., "Base and Surface Mixes with Emulsified Asphalt,"
University of New Mexico, New Mexico, January 1973.
16. Coyne, L. D., "Emulsion Stabilization Mix Design," presented at the
Transportation Research Board Meeting, 1976.
17. Darter, M. I. and Devos, A. J., "Structural Analysis of Asphaltic
Cold Mixtures Used in Pavement Bases," University of Illinois, Ur-
bana, Illinois, August 1977.
18. Darter, M. I., et al., "Development of Emulsified Asphalt - Aggre-
gate Cold Mix Design Procedure," University of Illinois, Urbana,
Illinois, February 1978.
19. Darter, M. I., et al., "Factors Affecting the Response of Emulsi-
fied Asphalt Mixtures," Proceedings of the Association of Asphalt
Paving Technologists, Vol. 45, 1976, pp. 353-381.
20. Draper, N. R. and Smith, H., "Applied Regression Analysis," John
Wiley S Sons, Inc., New York, 1968.
21. Dunning, R. L. and Turner, F. E., "Asphalt Emulsion Stabilized
Soils as a Base Material in Roads," Proceedings of the Association
of Asphalt Paving Technologists, Vol. 34, 1965.
22. Epps, J. A., et al., "A Review of Pavement Materials Recycling
Techniques and Associated Laboratory Tests and Evaluation,"
Proceedings of the Association of Asphalt Paving Technologists,
Vol. 43, 1976, pp. 304-337.
23. Faiz, A., "Evaluation of Continuously Reinforced Concrete Pavements
in Indiana," Research Report No. 17, Joint Highway Research Pro-
ject, Purdue University, 1975.
24. Finn, F. N., et al., "Design of Emulsified Asphalt Treated Bases,"
Highway Research Board, Record No. 239, 1968, pp. 54-75.
25. Fong, G. K., "Mix Design Methods for Base and Surface Courses Using
Emulsified Asphalt, A State-of-the-Art Report," Report No. FHWA-
RD-78-113, Federal Highway Administration, Washington, D.C., Oc-
tober 1978.
26. Frocht, M. M., "Stresses in Circular Disks," Photoelasticity, Vol.
II, John Wiley S Sons, Inc., New York, NY, 1948, pp. 118-133.
171
27. Gadallah, A. A., et al., "A Suggested Method for the Preparation
and Testing of Asphalt Emulsion Treated Mixtures Using Marshall
Equipment," Proceedings of the Association of Asphalt Paving Tech-
nologists, Vol. 46, 1977, pp. 196-227.
28. Gadallah, A. A., et al., "Marshall Stiffness Characteristics of As-
phalt Emulsion Treated Mixtures," Proceedings, Canadian Technical
Asphalt Association, Vol. 22, 1977.
29. George, K. P., "Stabilization of Sands by Asphalt Emulsion," Tran-
sportation Research Board, Record No. 593, 1976, pp. 51-56.
30. Hadley, W. 0., et al., "A Method of Estimating Tensile Properties
of Materials Tested in Indirect Tension," Research Report 98-7,
Center for Highway Research, The University of Texas at Austin,
July 1970.
31. Hadley, W. 0., et al., "Evaluation and Prediction of Tensile Pro-
perties of Asphalt Treated Materials," Research Report 98-9, Center
for Highway Research, The University of Texas at Austin, May 1971.
32. Hondros, G., "The Evaluation of Poisson's Ratio and Modulus of Ma-
terials of a Low Tensile Resistance by the Indirect Tensile Test,"
Australian Journal of Applied Science, Vol. 10, No. 3, September
1959, pp. 243-268.
33. Indiana State Highway Commission, Standard Specifications, Indi-
anapolis, Indiana, 1974.
34. , "Indirect Tensile Test Method for Resilient Modulus of As-
phalt Mixtures," A tentative ASTM standard method, February 1978.
35. Jimenez, R. A. and Morris, G. R., "Evaluating Asphalt Emulsion -
Aggregate Mixtures," presented at the Transportation Research Board
Meeting, January 1979.
36. Kandhal, P. S., "Evaluation of Six AC-20 Asphalt Comments Using the
Indirect Tensile Test," presented at the Transportation Research
Board Meeting, January 1979.
37. Kennedy, T. W., "Characterization of Asphalt Pavement Materials Us-
ing the Indirect Tensile Test," Proceedings of the Association of
Asphalt Paving Technologists, Vol. 46, 1977, pp. 132-150.
38. Lee, M. A. and Emery, J. J., "Improved Methods for Characterizing
Asphaltic Concrete," submitted to the Canadian Technical Asphalt
Association for the 1977 Annual Conference, 1977.
39. Lottman, R. P., et al., "A Laboratory Test System for Prediction of
Asphalt Concrete Mixture Damage," Transportation Research Board,
Record NO. 515, 1974, pp. 18-26.
172
40. Majidzadeh, K. and Brovold, F. N., "State of the Art: Effect of
Water on Bitumen - Aggregate Mixtures," Highway Research Board,
Special Report No. 98, 1969.
41. Maupin, G. W. and Freeman, J. R., "Simple Procedure for Fatigue
Characterization of Bituminous Concrete," Report No. FHWA-
RD-76-102, Federal Highway Administration, Washington, D.C., June
1976.
42. Maupin, G. W., "Results of Indirect Tensile Tests Related to As-
phalt Fatigue," Highway Research Board, Record No. 404, 1972, pp.
1-7.
43. McConnaughay, K. E., "Cold Emulsified Asphalt Mixture Specifica-
tions for Base, Binder, and Surface Courses," K. E. McConnaughay,
Inc., Lafayette, Indiana.
44. Monismith, C. L. and Secor, K. E., "Viscoelastic Behavior of As-
phalt Concrete Pavements," Proceedings, International Conference on
the Structural Design of Asphalt Pavements, University of Michigan,
August 1962, pp. 476-498.
45. Ostle, B. and Mensing, R. W., "Statistics in Research," 3rd ed.,
Iowa State University Press, 1975.
46. Preterios, P. C, Ph.D. Thesis, University of California, 1970.
47. Ruth, B. E. and Potts, C. F., "Changes in Asphalt Concrete Mixture
Properties as Affected by Absorption, Hardening, and Temperature,"
Transportation Research Board, Record No. 515, 1974. pp. 55-66.
48. Santucci, L. E., "Thickness Design Procedure for Asphalt and Emul-
sified Asphalt Mixes," Chevron Research Company.
49. Saxton, B. V., "A Laboratory Evaluation of the Influence of Crushed
Stone, Aggregate Top Size and Binder Type on AETM Properties,"
Research Project JHRP-77-9, Joint Highway Research Project, Purdue
University, 1977.
50. Schmidt, R. J. and Graf, P. E., "The Effect of Water on the Resi-
lient Modulus of Asphalt-Treated Mixes," Proceedings of the Associ-
ation of Asphalt Paving Technologists, Vol. 41, 1972, pp. 118-162.
51. Schmidt, R. J., "A Practical Method for Measuring the Resilient
Modulus of Asphalt-Treated Mixes," Highway Research Board, Record
No. 404, 1972, pp. 22-32.
52. Schmidt, R. J., "Effect of Temperature, Freeze-Thaw, and Various
Moisture Conditions on the Resilient Modulus of Asphalt-Treated
Mixes," Transportation Research Board, Record No. 515, 1974, pp.
27-39.
173
53. Schmidt, R. J., et al., "Performance Characteristics of Cement
Modified Asphalt Emulsion Mixes," Proceedings of the Association of
Asphalt Paving Technologists, Vol. 42, 1973, pp. 300-319.
54. Schmidt, R. J., "Use of ASTM Tests to Predict Low Temperature
Stiffness of Asphalt Mixes," presented at the Transportation
Research Board Meeting, January 1975.
55. , "Structural Design of Asphalt Concrete Pavement Systems,"
Highway Research Board, Special Report No. 126, 1970.
56. Terrel, R. L. and Awad, I. S., "Resilient Behavior of Asphalt
Treated Base Course Materials," University of Washington, August
1972.
57. Terrel, R. L. and Fritchen, D. R., "Laboratory Performance of Recy-
cled Asphalt Concrete," presented at the ASTM Symposium on Recy-
cling of Bituminous Pavements, December 1977.
58. Terrel, R. L. and Monismith, C. L., "Evaluation of Asphalt-Treated
Base Course Materials," Proceedings of the Asphalt Paving Technolo-
gists, Vol. 40, 1971.
59. , "Test Procedures for Characterizing Dynamic Stress-Strain
Properties of Pavement Materials," Transportation Research Board,
Special Report No. 162, 1975.
60. Tia, M., "A Laboratory Investigation of Cold-Mix Recycled Bitumi-
nous Pavements," Joint Highway Research Project, Purdue University,
1978.
61. Timoshenko, S. and Goddier, J. N., "Stresses in a Circular Disk,"
Theory of Elasticity, Second Edition, McGraw-Hill, New York, 1951,
pp. 107-111.
62. Vila, J. M. and Terrel, R. L., "Influence of Accelerated Climatic
Conditioning on Split Tension Deformations of Asphalt Concrete,"
Proceedings of the Asphalt Paving Technologists, Vol. 44, 1975, pp.
119-142.
APPENDICES
The Appendices are not included in this copy of this report.
The Appendices available are:
Appendix A - Typical Calculations of Unit Weights, Liquid
Contents and Voids of the AEM Compacted
Specimens
Appendix B - Typical ANOVA Tables
Appendix C - Summary of Indirect Tensile Test Results
Appendix D - Summary of Resilient Modulus Test Results
Appendix E - Summary of Hveem Test Results
A copy of any of the above listed Appendices may be obtained for the
cost of duplication from:
Joint Highway Research Project
Civil Engineering Building
Purdue University
West Lafayette, IN 47907
pp. 174-178
pp. 179-182
pp. 183-189
pp. 190-200
pp. 201-202

za
oc
o
a
o
_j
<
>-
Q
DC
UJ
>
O
u
